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ABSTRACT OF THE DISSERTATION

Non-Photonic Electron Angular Correlations with
Charged Hadrons from the STAR Experiment:
First Measurement of Bottom Contribution to

Non-Photonic Electrons at RHIC

by

Xiaoyan Lin
Doctor of Philosophy in Physics
Central China Normal University, 2007
Professor Feng Liu, Co-supervisor

Professor Huan Z. Huang, Co-supervisor

Experimental results from the Relativistic Heavy Ion Collider (RHIC) have established
the creation of an extremely dense partonic matter in central Au+Au collisions at RHIC.
The measurements of suppression of high transverse momentum particles and azimuthal
anisotropy vs for light hadrons have indicated partonic energy loss in the produced mat-
ter and the development of partonic collectivity in a very early stage of the collision.
The study of energy loss and elliptic flow for hadrons carrying heavy quarks will com-
plement these measurements and provide further insight into properties of the produced

medium.

Recent experimental data from RHIC show that the nuclear modification factor of
non-photonic electrons from heavy quark decays is comparable to that of light hadrons
in central Au+Au collisions. This implies that heavy quarks lose a substantial amount of
energy, in contradiction with existing theoretical predictions. The detailed comparison
with experimental non-photonic electron energy loss depends on the relative contribu-
tions from D and B meson decays. Strong elliptic flow for non-photonic electrons has
been observed recently, suggesting that charm quark carries a substantial amount of vs.

The non-photonic electron v, data show a tendency for the measured v, to decrease with

Xix



pr at high py region, which could be an indication of increasing contribution to non-
photonic electrons from B meson decays. The full understanding of the non-photonic
electron energy loss and elliptic flow requires the knowledge of the relative D and B

meson decay contributions to non-photonic electrons.

We here propose an innovative experimental method which uses the azimuthal cor-
relations between non-photonic electrons and charged hadrons to estimate the relative
contributions to non-photonic electron yield from D and B meson decays. Our method
is based on the fact that for the same electron transverse momentum the near-side e-h
azimuthal correlation from B decays is much wider than that from D decays. Cor-
relations of non-photonic electrons with charged hadrons using PYTHIA Monte Carlo
event generator in p+p collisions at /syny = 200 GeV are studied. The measure-
ment of azimuthal correlations between non-photonic electrons and charged hadrons in
p+p collisions at /syy = 200 GeV from the STAR experiment is presented. These
analyses provide the first measurement of B meson semi-leptonic decay contribution to

non-photonic electrons as a function of electron py for pr > 2.5 GeV at RHIC.

Within the present statistical and systematic errors, our data analysis based on
PYTHIA model indicates that at pr ~ 4.0 — 6.0 GeV/c the measured B contribution
to non-photonic electrons is comparable to the D contribution and that the measured
B/(B + D) ratios as a function of transverse momentum from 2.5 to 6.5 Gev/c are
consistent with the FONLL theoretical calculation. Together with the observed large
energy loss of non-photonic electrons and the decreasing value for the non-photonic
electron vy at high pr in Au+Au collisions, the measured B/(B + D) ratios imply that
the bottom quarks suffer considerable amount of energy loss in the dense QCD medium

as well.

Keywords: Relativistic Heavy Ion Collision, Quark Gluon Plasma, Heavy Quark, Non-
Photonic Electron, Semi-Leptonic Decay, Electron-Hadron Correlation, Bottom Produc-

tion, Energy Loss, Elliptic Flow
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CHAPTER 1

Introduction

The exploration of the structure and interactions for the smallest entities of the matter
has been the non-ending endeavor of the human quest for the knowledge of Nature since
the beginning of life. The Standard Model postulates that quarks and leptons are the
most elementary building blocks of the matter. There are four forces in nature acting
between these particles: gravitational, weak, electromagnetic and strong in order of
increasing strength. Each of these forces is mediated by exchanging force bosons, e.g.,

gluons for the strong force.

Quantum Chromo-Dynamics (QCD) is the fundamental and precise theory for the
interaction among quarks and gluons. There are two remarkable characteristics of QCD:
asymptotic freedom and the confinement of quarks. QCD predicts a phase transition
from hadronic matter into a new state of deconfined quarks and gluons, called the Quark
Gluon Plasma (QGP), in environments at extreme temperatures and energy densities.
In relativistic heavy ion collisions, when two nuclei, traveling at relativistic velocities,
pass through each other, an enormous energy density is created which is high enough to
reach the critical value where the QGP can exist. The Relativistic Heavy Ion Collider
(RHIC) at Brookhaven National Laboratory (BNL) offers unprecedented opportunities

to search for the QGP and to study the properties of the new state.

In this chapter we will recall some important features of QCD and present selected

highlights from RHIC relevant to this dissertation.



1.1 Quarks, Gluons and Quantum Chromo-Dynamics

In the early 1970s deep inelastic electron collision experiments on protons indicated
that nucleons that constitute atomic nuclei are themselves made of the most elementary
particles — quarks and gluons. Today we know of six different types, or “flavors”,
of quarks, denoted u, d, s, ¢, b and t for up, down, strange, charm, bottom and top.
Table. 1.1 presents the properties of quarks. A quark of a given flavor has three different
color states: red, green and blue. The color-induced interactions, the so-called strong
interactions, between quarks are mediated by gluons, which are massless bosons also
carrying color charges themselves and therefore self-interacting. In nature we can only
observe color neutral hadrons, the bound states of quarks. Gluons glue quarks either as

a quark and an anti-quark pair (meson), or a triplet of quarks or anti-quarks (baryon).

Table 1.1: The properties of quarks.

Property d u S c b t
Q - electric charge —% +§ —% —|—§ —% +§

I, - isospin z-component —% —i—% 0 0 0 0
S - strangeness 0 0 |-1]0 0 0

C - charmness 0 0 0O |+1] 0 0

B - bottomness 0 0 0 0| —-1] 0

T - topness 0 0 0 0 0 | +1

The theory of quark-gluon interactions is governed by Quantum Chromo-Dynamics
(QCD) [Wil82]. QCD is the unbroken SU(3) color non-Abelian gauge theory to describe
the strong interactions, and together with the spontaneously broken SU(2) x U(1) elec-
troweak theory, establishes the two basic components of the Standard Model of particle
physics. QCD is an expanded version of the very successful theory of Quantum Electro-
Dynamics (QED). Both QCD and QED are based on Quantum Field theory. However,

there are crucial differences between QCD and QED. There is only one electric charge
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in QED, and the electromagnetic force bosons, photons, are electric charge neutral and
do not self-interact. On the other hand the color charge in QCD has three components.
Quarks change their color states by emitting or absorbing gluons. Due to the color
conservation, gluons are required to also carry color charge and as a result self-interact.
In fact, it is the gluon self-interaction that makes QCD dynamics so peculiar [KhoO4].

For the electromagnetic force in QED, the coupling constant a = ﬁ is much less
than unity and the use of perturbation theory is well established in QED. However, the
gluon self-interactions lead to a completely different coupling constant in QCD. The
effective coupling constant of strong interaction, ay,, has been experimentally measured
to be a function strongly depending on the distance of interaction or the momentum

transfer, written as:

N 127
- Bo ln(Q2/AQCD>

where % is the momentum transfer, Agcp is the famous QCD scale and (3 is a constant.

as(Q?)

(1.1)

Fig. 1.1 shows the strong coupling constant, ay, at different momentum transfer, @), from

various experiments as well as the QCD calculations.

The behavior in QCD running coupling constant illustrates two remarkable features
of QCD. ag becomes very small at very high momentum transfers or very short dis-
tances; thus quarks and gluons interact very weakly. This is known as asymptotic
freedom [GWT73, Pol73|, which was first discovered in the early 1970s and honored by
a Nobel Prize in 2004. At large distances or small momentum transfers, ag becomes
strong. The larger the distance that two quarks are separated the stronger the coupling;
and thus the more self-coupled gluons holding the quarks together. That means an infi-
nite amount of energy is needed to separate two quarks. As a result there are no isolated
quarks and quarks are bound into color neutral hadrons. This is known as quark/color
confinement. The confinement principle has never been rigorously proved. However, all
experimental results concerning hadrons unambiguously support the quark/color con-

finement.

Accordingly, QCD yields two qualitatively different pictures to describe quark-gluon
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Figure 1.1: The measured QCD running coupling constant a, from a variety of experi-

ments compared to the QCD prediction [Bet03].

interactions. In the regime where the momentum transfer is high, i.e., the distance of
interaction is small, perturbative expansions in « are applicable. Physics observables
can be calculated in a truncated series as leading order (LO), next-to-leading order
(NLO), etc. Over the past decades, there are plenty of experiments on hard processes
providing quantitative tests on the validity of the perturbative QCD (pQCD) calcula-
tions. pQCD has been proven to describe a large set of high energy, large momentum

transfer processes with high accuracy.

The non-perturbative quark-gluon interactions at long distances, i.e., at small mo-
mentum transfers, are always present in any process involving the strong interaction.
Physicists have made significant efforts to bridge the gap between perturbative and non-

perturbative regimes. Powerful numerical methods of solving QCD on a lattice of space



and time (LQCD) have been developed. The principle of LQCD is to replace continuous
space-time with a discrete lattice. LQCD needs no additional assumption beyond QCD.
It has exactly as many free parameters as QCD itself, which are the strong coupling con-
stant and one mass per quark species [Pen95]. Although the performance is limited by
computer memory and speed, LQCD provides a mathematically well-defined framework

for non-perturbative QCD.

1.2 Quark-Gluon Plasma and Relativistic Heavy Ion Collisions

Owing to the asymptotic freedom property of QCD, it has been realized that at suf-
ficiently high energy density hadronic matter should turn into an ultra-dense form of
matter with deconfined quarks and gluons [CP75b, CP75al. The (locally) thermally
equilibrated quark-gluon system, where the color degrees of freedom become effective,
is what we call Quark-Gluon Plasma (QGP). Fig. 1.2 shows a schematic picture of the
phase diagram for the hadronic and deconfined quark matter. This phase transition oc-
curs when the energy density is high enough, about an order of magnitude larger than
the energy density inside of atomic nuclei, either due to the high temperature or large

baryon chemical potential.

More information on this transition to the QGP is available from numerical studies
by LQCD. Fig. 1.3 shows the energy density scaled by T* as a function of temperature
scaled by the critical temperature T, from lattice QCD [Kar02]. There is a rapid rise
and saturation of the energy density for the matter when the temperature approaches
T ~ T, ~ 160 MeV. The energy density changes by about an order of magnitude. The
level of saturation reflects the number of degrees of freedom. This rapid change in the
energy density corresponds to a change in the degrees of freedom between the confined
and deconfined matters, i.e., a phase transition from the hadronic matter to the QGP.
The arrows are the Stefan-Boltzmann limits for an ideal gas, where quarks are massless
and quarks and gluons are non-interacting. The deviation of the energy density from

the Stefan-Boltzmann limit indicates that besides the effect of quark mass, there should
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Figure 1.2: A schematic representation of QCD phase diagram in the plane of temper-

ature (7) and baryon chemical potential (up). Figure taken from [Bla06].

be substantial interactions among quarks and gluons in the newly formed QGP phase.

The QGP is believed to exist in the early Universe, on the order of microsecond
after the Big Bang, and may exist in the cores of many neutron stars. In 1974, T.D.
Lee suggested, “It would be interesting to explore new phenomena by distributing high
energy or high nuclear density over a relatively large volume.” [Lee74, LW74] It was
pointed out by W. Greiner and collaborators that the required high density for the
QGP could be achieved from relativistic heavy ion collisions [HSS74, Bau75]. Since
then, scientists have been building facilities with higher and higher energies in order to
reach and cross the phase transition boundary in the laboratory. The first measurements
were made at the BEVALAC in the Lawrence Berkeley National Laboratory (LBNL) in
the early 1980s with fixed target energies ranging up to 2 GeV per projectile nucleon,
followed by the Schwerionensynchrotron (SIS) at the Gesellschaft Schwerionenforschung
(GSI) in Darmstadt with a similar energy range. The Alternating Gradient Synchrotron
(AGS) at Brookhaven National Lab (BNL) in the late 1980s could accelerate gold beams

up to an energy of 11.7 GeV per nucleon. The Super Proton Synchrotron (SPS) at
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Figure 1.3: The energy density scaled by T% as a function of temperature scaled by the
critical temperature T,.. Various number of dynamical quark flavors are considered. The
arrows are the corresponding Stefan-Boltzmann values for asymptotically high temper-

ature. Figure taken from [Kar02].

European laboratory for particle physics (CERN) also in the late 1980s can accelerate
lead-ion beam up to an energy of 158 GeV per nucleon and allows the lead-lead collisions
with up to \/syy = 17.3 GeV. The Relativistic Heavy Ion Collider (RHIC) at BNL was
commissioned in 1999. It is the first heavy ion collider and was originally designed for
head-on Au+Au collisions at /syy = 200 GeV. See more details on the RHIC facility in
section 2.1. The Large Hadron Collider (LHC) is being built at CERN and is expected to
start running in this year (2007). It is originally designed for p+p collisions for energies

up to /syny = 14 TeV. It will also collide lead ions up to energies of \/syny = 5.5 TeV.

The space-time evolution of a heavy ion collision with the formation of QGP is
illustrated in Fig. 1.4. Two nuclei appear as thin disks approaching each other at nearly
the speed of light because of Lorentz contraction. After they smash into and pass
through one another, a huge amount of the energy that they carried before the collision

is deposited in the interaction region. Quarks and gluons will be deconfined and form
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Figure 1.4: The space-time diagram of a heavy ion collision with the formation of QGP.

a quark-gluon system if the temperature exceeds the critical temperature 7. The large
interaction cross section between quarks and gluons eventually bring the system into
a (locally) thermal equilibrium and the QGP is formed. The lifetime of the QGP is
very short. The system immediately starts expanding and cooling down. Hadronization
takes place until the chemical freeze out temperature T, is reached, when inelastic
scattering ceases and the particle species are no longer changed by collisions but only
by decays. The system continues expanding and cooling until elastic collisions between
hadrons stop at the kinetic freeze out temperature T',, and the momentum distributions
of particles are fixed. The produced particles blast out from the collision region and

eventually stream into detectors.

Experimentally, we look at the information provided by the particles in the final stage
to probe the properties of QGP. The RHIC experiments have produced a large body of
high quality data. The early results reveal that an extremely dense, rapidly thermal-

izing matter which exhibits partonic degrees of freedom is produced in central Au+Au



collisions at RHIC. These results are comprehensively summarized in Ref. [Ada05a] and
a number of reviews [JWO05, Ris04, KH03, GVWO03, BSZ00, TW02]. In the following

sections, we will present selected highlights from RHIC relevant to this thesis.

1.3 Partonic Energy Loss in Dense QCD Medium

High momentum partons from hard scatterings have been used to study the energy
loss of partons when traversing the dense matter. It was first proposed by Bjoken in
1982 that partons traversing bulk partonic matter might undergo significant energy
loss [Bjo82]. The idea was further developed by X.N. Wang and M. Gyullasy [WG92].
Two experimental variables have been extensively used to describe the change in the
pr spectra due to energy loss of high momentum partons in the dense matter. One is
called the nuclear modification factor R44, which is the comparison of the spectra in
A+A collisions through those in p+p collisions, scaled by the number of binary nucleon-
nucleon collisions:

d>N44 [dprdn

R —
AT Tuad2ovw [dprdn

(1.2)

where Ty =< Npinary > / J%é\l] accounts for the collision geometry, calculated from a

Glauber model [Won94|. Nyinary denotes for the number of binary inelastic nucleon-

NN

nucleon collisions, and o;,;; is the inelastic cross section of nucleon-nucleon collisions.

The other variable is the nuclear modification factor Rop, which is defined by the ratio

of the particle yield scaled by Npingry from central and peripheral collisions:

(chentral/de) /Nbczlz;:gl (1 3)
(deeripheral/de)/NPSTiPhGTal .

binary

Rep =

These nuclear modification factors would be unity in the absence of nuclear effects.

A strong suppression, with Ra4 or Rop ~ 0.2 << 1, has been observed in Au+Au
collisions for momentum up to pr ~ 10 GeV [Adl03b, Ada03, Adl06a, Abe06a], which
is one of the most exciting discoveries at RHIC, confirming the strong final state inter-

actions of the high momentum partons with the surrounding dense matter.
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Figure 1.5: Nuclear modification factors Rcp for 77 + 7~ and p + p from STAR and
Raa for 7° and 7 from PHENIX. The boxes (bars) on the STAR data are systematic
(statistical) errors. The PHENIX errors contain point-to-point statistical and systematic

errors. Note the centrality definition is different for the STAR and PHENIX data.

Fig. 1.5 shows the nuclear modification factors Rop for 77 + 7~ and p + p from
STAR [AbeO6a] and R4 for 7 and n from PHENIX [Adl06a]. In the region of pr
greater than 6 GeV /c, there is common magnitude of suppression for 7% and 7, and the
difference between charged 7 and protons (anti-protons) disappears. These observations
indicate that the parent partons first lose energy in the produced dense medium and then
fragment into particles. The Ra4 (Rcp) would be particle dependent at high pp if the
energy loss were dominantly from hadronic stage since these particles have very different
hadronic re-scattering cross sections. The data have experimentally established that the
energy loss processes take place in the partonic level not in the hardonic level, favoring
the assumption in theoretical calculations of jet quenching [GVWO01, VG02, ADS05].
Gluon and quark jet fragmentations have different contributions to baryons and mesons,

and baryons are more likely from gluon fragmentations at high pr [Abr00]. The similarity
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of the nuclear modification factor for protons (anti-protons) and charged pions at py >
6 GeV/c from the STAR measurement indicates that there is no manifestation of a
different energy loss for quarks and gluons, which is in contradiction to the theoretical

expectation of a large difference between quark and gluon energy loss.

® STAR (h*+h)/2 0-5%
N A STAR (¢+¢€)/2 0-5%
PHENIX (e"+€)/2 0-10%

\[Sw =200GeV  Au+Au

Figure 1.6: Nuclear modification factor R44 of non-photonic electrons from heavy quark
semi-leptonic decays from STAR and PHENIX in comparison with that of charged
hadrons from STAR.

Fig. 1.6 shows nuclear modification factor R 44 of non-photonic electrons from STAR
[Abe06b] and PHENIX [Adl06b] measurements, as well as the STAR measured charged
hadron Ra4 [Ada03]. The boxes (bars) on the STAR electron data indicate the size
of systematic (statistical) errors. The error bars on the PHENIX data are statistical
only. The filled boxes (open boxes) on the PHENIX data indicate the systematic errors
related to the uncertainties in Au+Au (p+p) measurements. The error bars on the
STAR charged hadron data represent the quadrature sum of the Au+Au and p+p
spectrum uncertainties. The STAR and PHENIX electron R44 data are consistent with

each other within statistical and systematic errors in the overlapping pr region. At

11



high pr suppression of non-photonic electrons is similar to that for light hadrons. Non-
photonic electrons are primarily from semi-leptonic decays of hadrons carrying heavy
quarks. The suppression of non-photonic electrons indicates substantial energy loss for
heavy quarks. These measurements imply that there is no significant difference between
heavy quark and light quark energy loss, in contradiction to theoretical expectations
that heavy quarks would loss much less energy [DKO01]. This small flavor dependence of
the parton energy loss forces us to investigate more deeply the issue of parton energy
loss, both theoretically and experimentally. See more discussions on heavy quark energy

loss in section 1.5.2.

1.4 Hadronization of Bulk Partonic Matter

The STAR measured Rcop derived from the most central 5% to the peripheral 40 —60%
Au+Au collision centralities are shown in Fig. 1.7 for identified mesons (in panel a) and
baryons (in panel b) [Sch04]. The dot-dashed line is the Rop of charged hadrons for
reference. In the low pr region particle production is dominated by number of participant
scaling. In the intermediate pr range at 2 < pr < 6 GeV/c, the pr dependence of Rcp
falls into two groups, one for mesons and one for baryons, and there is little mass
difference among the mesons and among the baryons. This observation suggests that
there is a dependence on the number of constituent quarks. The meson and baryon
values appear to merge above a pr of 6 GeV/c, where parton fragmentation becomes
important. This unique dependence on the number of constituent quarks indicates the
production dynamics in the intermediate pr region is different from both fragmentation

at high pr and hydrodynamic behavior at low pp.

In a non-central nucleus-nucleus collision the overlapping participants form the shape
of an almond. The anisotropic pressure gradients will lead to an azimuthal anisotropy
in transverse momentum space in the final state. The azimuthal angular particle distri-

bution can be expanded into a Fourier series,
d*n

Drdprdd x (1+2;vncosn(¢—\lfg)) (1.4)
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Figure 1.7: The STAR measured nuclear modification factor Rcp of identified mesons
(panel a) and baryons (panel b) from Au+Au collisions at \/syny = 200 GeV in com-
parison with that of charge hadrons in dot-dashed line. The error bars on the data
points include both statistical and systematic uncertainties. The shaded bands around
1 represent the systematic uncertainty in the Nypnqr, calculation, based on the Glauber

model.

where ¢ is the azimuthal angle of the particles, ¥ is the reaction plane! angle and v,
is called the elliptic flow parameter [Sor99]. Elliptic flow is expected to be sensitive to

the early stages of system evolution.

Fig. 1.8 shows vy as a function of pr for the identified particles from STAR [Ada04]
and PHENIX [Adl03a] measurements, together with the hydrodynamic model predic-
tions [HKHO1]. In the low pr region at pr < 2 GeV/c, particles exhibit hydrodynamic
behavior, and there is a mass dependence of vy. The agreement with the hydrodynamic
model implies that the collective motion develops in the very early stages of the reaction.

At the intermediate pr region, the hydrodynamic calculations overpredict the flow. The

!The reaction plane is defined by the vectors = (impact parameter direction) and z (beam direction).
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Figure 1.8: Azimuthal angular anisotropy vy as a function of pr for the identified parti-
cles from STAR [Ada04] and PHENIX [Adl03a] in minimum bias Au+Au collisions at
V/Snny = 200 GeV. The hydrodynamic calculations are from Ref. [HKHO1].

v values do not strongly depend on pr in this region, and there is a distinct grouping
among mesons and baryons. After scaling both vy and pr by the number of constituent
quarks in the corresponding particle as shown in Fig. 1.9, in the intermediate pr region
the data points fall approximately onto a single curve except pions (due to resonance
decay effects [GK04, DES04]). Systematic deviation as a function of particle masses at
low pr is attributed to hydrodynamic behavior and also the detailed internal structure

of hadrons [MFBO05].

Quark coalescences and recombination models [MV03, HY03b, GKL03, FMNO03|
for hadron formation through multi-parton dynamics offer an elegant interpretation for
the experimental feature of constituent quark number scaling in the nuclear modifica-
tion factors and the elliptic flow in the intermediate pr region. Hadrons are formed

through coalescing of constituent quarks, which pre-exist and carry an azimuthal angu-
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Figure 1.9: vy/n as a function of py/n for identified particles from STAR and PHENIX
measurements [Sor06], where n is the the number of constituent quarks. The dot-dashed

line is a polynomial fit to the available data.

lar anisotropy before hadronization.

The measured features at intermediate py originate from partonic nature of the
matter; and they have provided the most direct experimental evidence for the creation

of deconfined partonic matter in nucleus-nucleus collisions at RHIC.

1.5 Non-Photonic Electron Measurement at RHIC

Heavy quarks are believed to be produced through initial parton-parton, mostly gluon-
gluon, scatterings in nuclear collisions at the Relativistic Heavy Ion Collider (RHIC)
energies. Theoretical calculations of heavy quark production within the perturbative

Quantum Chromo-Dynamics (pQCD) framework are considered more reliable because

15



the heavy quark mass sets a natural scale for the pQCD. The transport dynamics of the
heavy quarks in nuclear medium such as flow [GKRO04] and energy loss [DK01, ZWWO04]
can probe QCD properties of the dense matter created in nucleus-nucleus collisions.
Therefore, heavy quark measurements provide unique insights into QCD properties of

the new state of matter produced in nucleus-nucleus collisions.

At RHIC, two different experimental approaches are carried out to study the open
heavy flavors in relativistic heavy ion collisions. One is the direct reconstruction of
heavy flavored mesons through hadronic decay channels, which is only performed by the
STAR experiment. The other one is the indirect measurement via semi-leptonic decays of
heavy flavored mesons (identified non-photonic/single electrons or single muons), which
can be done by both STAR and PHENIX experiments. Experimentally, the direct
reconstruction of D mesons is difficult because of their short lifetime, low production
rates and large combinatorial background in the heavy ion environment. Statistical
issues currently limit the D meson reconstruction to the low pr region of pr < 3.0
GeV/c [Ada05b]. Thus the indirect measurement through semi-leptonic decays can
extend the capability to study heavy flavor production. In this section, we will address

recent results from the non-photonic electron measurement at RHIC.

1.5.1 Non-Photonic Electron Spectrum

The left panel of Fig. 1.10 shows the background subtracted non-photonic electron
spectra from STAR [Ada05b, Abe06b] and PHENIX [Ada06b] measurements in p+p
collisions at /syy = 200 GeV together with the uncertainty band from a fixed-order-
plus-next-to-leading-log (FONLL) pQCD calculation [CNV05] for non-photonic elec-
tron yield in p+p collisions. STAR has two independent electron measurements, with
the Time Projection Chamber (TPC) and the Time of Flight (ToF) data for low pr
(pr < 4 —5 GeV/c) electrons shown as triangles in the plot, and with the Electro-
Magnetic Calorimeter (EMC) data for high pr (pr > 1.5 GeV/c) electrons shown as
black solid circles in the plot. The results from these two measurements are consistent

with each other in the overlapping region. However, there are discrepancies between
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Figure 1.10: Left: Non-photonic electron spectra from STAR [Ada05b, Abe06b| and
PHENIX [Ada06b] measurements in p+p collisions at \/syy = 200 GeV. The bars
(boxes) indicate the size of statistical (systematic) errors. The band is the theoretical
uncertainty of the FONLL pQCD predication for the non-photonic electron yield in
p+p collisions [CNVO05]. Right: Ratio of the measured non-photonic electron yield to
the FONLL pQCD calculation in p+p collisions.

STAR and PHENIX measurements, and between STAR and the FONLL calculation.
The right panel of Fig. 1.10 shows the ratio of STAR and PHENIX measured non-
photonic electron yields to the FONLL calculated non-photonic electron yield in p+p
collisions. The FONLL calculation shows large uncertainties (yellow band) due to pa-
rameter choices of quark masses, factorization and renormalization scales, etc. The up-
per limit of the FONLL calculation is compatible with the PHENIX data. The STAR
non-photonic electron production is ~ 5 times larger than predicted by the FONLL cal-
culation. However, the FONLL calculation can describe the shape of measured spectra
reasonably well. The dashed lines are the ratio of STAR and PHENIX measured total

charm cross section to the FONLL calculation. A factor of ~ 2 discrepancy can be
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seen between STAR and PHENIX measurements. The total charm cross section from
STAR is derived by a combined fit of three independent measurements: direct recon-
struction of D meson, measurement of single muons and measurement of non-photonic
electrons [Zho07], while PHENIX obtained the total charm cross section by integrating
the non-photonic electron cross section for py > 0.4 GeV/c [Ada06b]. The capability
to direct reconstruct D meson is an advantage for the STAR experiment, while the
PHENIX experiment has superior signal to background ratio for the measurement of

non-photonic electrons due to reduced amount of detector material compared to STAR.

The reason for the discrepancy between the two experiments remains open. STAR
will have a low detector material run next year which will reduce the yield of background
photonic electrons and thus the systematic uncertainty will be re-addressed. Besides,
both STAR and PHENIX are developing vertex detector upgrades. The high precision
measurements of vertex position provided by the vertex detectors will allow clean D and

B meson samples in the future.

1.5.2 Non-Photonic Electron Energy Loss

Experimental results from RHIC over the past years have established that dense partonic
matter is created in Au+Au collisions at RHIC. The study of flavor dependence in
partonic energy loss will expand our understanding of the properties of the hot and
dense nuclear matter. The disagreement between STAR and PHENIX non-photonic
electron measurements is a common normalization factor to p+p and Au+Au collisions,
thus giving the consistent nuclear modification factor R44 for non-photonic electrons in

the overlapping pr region as we’ve already seen in Fig. 1.6.

The energy loss mechanism via gluon radiation caused by the propagation of a fast
parton (quark) through the QCD medium has successfully described the light hadron
suppression at RHIC [AG04, Vit06]. Gluon bremsstrahlung off a heavy quark is different
from the case of a massless parton. Gluon radiation is suppressed at angles smaller
than the ratio of the quark mass to its energy [DK01] — the dead cone effect. The

suppression of small-angle radiation results in a much smaller heavy quark quenching.
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Figure 1.11: Several theoretical calculations of nuclear modification factor Ra4 for
non-photonic electrons in central Au+Au collisions at \/syy = 200 GeV in compar-

ison with the STAR measurement.

In contrast to this expectation a strong suppression of non-photonic electrons has been
observed in central Au+Au collisions at RHIC, as shown in Fig. 1.6. This implies that
heavy quarks lose a substantial amount of energy, which cannot be explained by current
theoretical predictions based on gluon radiation as the dominant mechanism for energy

loss [ADS05, DGV06].

Fig. 1.11 shows several theoretical calculations of non-photonic electron suppression
in central Au+Au collisions in comparison with the STAR data. Curve-I is from DGLV
theory [DGV06] based on the medium induced gluon radiation energy loss mechanism
with the default gluon density, dN,/dy = 1000, which is used to describe light quark
suppression. Curve-1II is from BDMPS theory [ACDO06] with a transport coefficient
¢ = 14 GeV?/fm, which also assumes gluon radiation as the energy loss mechanism.
Both curve-I and curve-II cannot describe the observed data. Recent calculations show

that the collisional energy loss for heavy quarks is comparable to the radiation energy
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loss [Mus05], and this will contribute to R44. Curve-1III is based on the same theory as
curve-I but includes both radiation and collisional energy loss [WHDO05]. This calculation
changes the heavy quark energy loss, but still predicts less suppression than observed.
The heavy quark energy loss in curve-1V is introduced by the elastic rescattering of heavy
quarks in the medium [HGRO06]. This calculation also failed to describe the observed

suppression.

Note that the calculations from curve-I to curve-IV all take the relative contributions
of D and B mesons from the pQCD calculations [CNV05], where B decay contribution
to non-photonic electrons becomes larger than that from D decays at pr ~ 4 GeV/c.
Electrons from bottom quarks are much less quenched than that from charm quarks due
to the larger mass of their quark parents [DGVO06]. Interestingly, curve-V in Fig. 1.11,
which is the same calculation as curve-1I but only takes the electrons from charm quarks,

can reasonably describe the measured suppression.

One of the major, both experimental and theoretical, uncertainties is the relative
charm and bottom decay contributions to the yield of non-photonic electrons at high
pr. The full understanding of non-photonic electron (heavy quark) energy loss motivates
the measurement of the relative contributions to non-photonic electrons from D and B

meson semi-leptonic decays.

1.5.3 Non-Photonic Electron Elliptic Flow

As discussed in section 1.4, the vy of light hadrons in the low pr region can be well
produced by the hydrodynamic model, indicating early thermalization and strongly
interacting matter in the early stages of the collisions; and the characteristics of light
hadrons at the intermediate pr region, which can be explained by the quark coalescence
model, suggests that the vy is largely developed in the partonic phase. The measurement
of heavy quark vy will complement these observations. If heavy quark flows, it will
support partonic level thermalization. If the heavy quark vy follows the number of
constituent quark scaling, it will strengthen the case of a matter with partonic degrees

of freedom. Due to the large mass difference between heavy quarks and light quarks, the
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measurement of heavy quark vy will be also important for the quark coalescence model.
The heavy quark vy measurement will enhance our understanding of relativistic heavy

ion collisions.

Currently, the direct vy measurements of heavy flavor hadrons are not available yet
at RHIC. The measurement of non-photonic electron vy is expected to reflect the heavy
quark azimuthal anisotropy. Ref. [DES04] shows there is a strong correlation between

the vy of D meson decayed electrons and the v, of D mesons.
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Figure 1.12: Non-photonic electron vy as a function of pr in minimum bias Au+Au
collisions at y/syy = 200 GeV from PHENIX [AdaO6a]. The boxes (brackets) depict

the statistical (point-by-point systematic) errors.

Fig. 1.12 shows the recent measurements of non-photonic electron v, in minimum
bias Au+Au collisions at \/syy = 200 GeV from PHENIX [Ada06a]. Strong elliptic
flow for non-photonic electrons is observed at low pr region of pr < 2 GeV/c, where
non-photonic electrons are mainly from charm quark decays, suggesting a non-zero v,

for the charm quark. The large vy together with the observed large suppression of non-
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photonic electrons, provides strong evidence that heavy quarks are strongly coupled to
the produced medium. At high py the vy tends to decrease with pr. This could be an
indication of increasing contribution to non-photonic electrons from B meson decays.
The same D and B hadron vy can lead to very different non-photonic electron vy due
to the different decay kinematics between D and B hadrons [Zha07]. The quantitative
understanding of the non-photonic electron v, measurements requires the knowledge of

the relative charm and bottom contributions to non-photonic electrons.

1.6 Thesis Outline

In this thesis, we present the first measurement of the B meson semi-leptonic decay
contribution to non-photonic electrons at RHIC using non-photonic electron azimuthal
correlations with charged hadrons in p+p collisions at /syy = 200 GeV from the
STAR experiment. In chapter 2 the RHIC accelerator facility as well as the STAR
detectors will be introduced. In chapter 3 we will present an innovative method which
uses the azimuthal correlations between non-photonic electrons and charged hadrons to
estimate the relative D and B contributions to non-photonic electrons. The detailed
data analysis for inclusive electron identification, background electron reconstruction
and the e-h azimuthal correlation signal extraction will be performed in chapter 4.
Finally in chapter 5 we will present measurements of the B meson semi-leptonic decay
contribution to non-photonic electrons as a function of pr for pr > 2.5 GeV/c, using
comparisons of the experimental e-h correlation results with PYTHIA simulations. We

will also discuss the comparison of our results to the FONLL pQCD calculation.
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CHAPTER 2

Experimental Apparatus

The Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory (BNL)
has been used to explore some of nature’s most basic — and most intriguing — ingredients
and phenomena. In this chapter, we will discuss the RHIC machine complex, the STAR

detector system and the major STAR sub-detectors used in this dissertation research.

2.1 RHIC Complex

The Relativistic Heavy lon Collider (RHIC) at Brookhaven National Laboratory (BNL)
commissioned in 1999, consists of two superconducting magnet colliding rings, each 3.8
km circumference. It is a world-class scientific research facility. It can collide nuclei
ranging from protons to gold ions at top center-of-mass collision energies ranging from
500 GeV per nucleon-nucleon pair for p+p collisions to 200 GeV per nucleon-nucleon
pair for Au+Au collisions. Asymmetric collisions such as deuteron on gold can also be
handled by RHIC. The physics goal of this extraordinary new accelerator is to seek out
the universe’s tiniest features, particles smaller than nucleons in nuclei and to explore

how these particles interact with each other.

Fig. 2.1 shows a schematic diagram of the RHIC complex [Sch06]. Table. 2.1 lists
some of the design parameters of RHIC. The whole RHIC complex includes a Van de
Graaff accelerator, a linear proton accelerator, the booster synchrotron, the Alternative
Gradient Synchrotron (AGS) and the RHIC collider rings. Before the injection into the
RHIC rings, the nuclei have to experience pre-accelerations. For gold beam operations,

the gold ions with charge () = —1e are generated by the Pulsed Sputter Ion Source in
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Figure 2.1: A schematic diagram of the RHIC complex.

the Tandem. They are initially accelerated through the Tandem Van de Graaff facility
and a series of stripping foils. The ions leave the Tandem with an energy of ~ 1.0 MeV
per nucleon and a net charge of () = +32e. After the initial acceleration, the ions are
then transferred to the Booster Synchrotron where they are accelerated to an energy of
95 MeV per nucleon and further stripped to a net charge of () = +77e before they are
injected to the AGS. The AGS accepts the ions leaving from the Booster, accelerates
them to an energy of 8.86 GeV per nucleon and removes the remaining two electrons.
The fully stripped ions with () = 479 are finally injected into the RHIC rings where they
are accelerated to the collision energy. In proton beam operations, protons are injected
from Linac to the Booster Synchrotron, followed by the acceleration in the AGS and

the injection into RHIC rings.

The two concentric superconducting rings are denoted as blue ring and yellow ring.

The rings have six interaction points where the two rings cross, allowing the particle
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Table 2.1: The list of some RHIC design parameters.

Parameter Value
Luminosity (Au + Au) | 2 x 10% cm™2sec™!
Luminosity (p + p) 4 x 103 cm~2sec?
Top beam energy (Au) 100 GeV/u
Top beam energy (proton) 250 GeV/u
# of bunches per ring 60
Revolution frequency 78 kHz
Tons per bunch (Au) 10°
Tons per bunch (proton) 101
# of interaction points 6
Beam life time ~10 hours
Ring circumference 3833.845 m
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are not listed here.

Table 2.2: Experimental runs at RHIC from year 2000 to year 2006. Some short runs

Run (year) Collision | Collision energy | Luminosity delivered

(GeV) to STAR

Run-1 (2000) | Au+Au 130 3 (ub™1)
Run-2 (2001) | Au+Au 200 59 (ub™1)
Run-3 (2002/03) | d+Au 200 19.7 (nb™)
Run-3 (2003) p+p 200 2.5 (pb™1)
Run-4 (2003/04) | Au+Au 200 1270 (ub™1h)
Run-4 (2004) | Au+Au 62.4 20.7 (ub™1)
Run-4 (2004) p+p 200 3.2 (pb~")
Run-5 (2004/05) | CutCu 200 15.0 (nb™)
Run-5 (2005) p+p 200 12.7 (pb™)
Run-6 (2006) p+p 200 47.3 (pb™?)

beams to collide. Four interaction points are currently equipped with four experimental

detector systems: STAR (6 o’clock), PHENIX (8 o’clock), PHOBOS (10 o’clock) and

BRAHMS (2 o’clock).

RHIC has run in p+p, d+Au, Au+Au and Cu+Cu configurations since the first

commissioning run in the summer of year 2000. Table. 2.2 shows the experimental runs

at RHIC from year 2000 to year 2006. In this dissertation research, we focus on the

analysis of p+p collisions recorded by the STAR detector in year 2005.

2.2 The STAR Detector

The Solenoidal Tracker at RHIC (STAR) is one of the four detector systems constructed

at RHIC, specializing in tracking thousands of particles which can be produced by a
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Figure 2.2: Layout of the STAR detector with cutaway showing the inner components.

single collision at RHIC. STAR is a detector of cylindrical geometry with a large accep-
tance designed to study a broad rang of physical observables. An emphasis was placed
on mid-rapidity physics in order to study both the soft (non-perturbative) and hard
(perturbative) aspects of the physics at RHIC. There are several sub-systems in the
STAR detector system, nearly all of which cover the complete 27 in azimuth. Fig. 2.2
shows a perspective view of the STAR detector with a cutaway showing the inner com-

ponents [Ack03]. The functions of the STAR subsystems are listed in Table. 2.3

The whole detector is placed in a uniform magnetic field with a maximum field
strength of 0.5 Tesla. The magnetic field allows the tracking detectors to measure the
bend of trajectories of charged particles, thus determining their momenta. The STAR
magnet is adjustable and has been run in full field, reversed full field and half field

configurations.
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Table 2.3: The STAR subsystems and their functions.

Major STAR subsystem

Major function

Chamber

Time

(TPC)

Projection

Tracking mid-rapidity charged par-

ticles and particle identification

Silicon Vertex Tracker (SVT)

Tracking interaction region charged

particles

Forward Time

Chamber (FTPC)

Projection

Tracking forward region charged

particles

Time of Flight (TOF)

Particle identification

Barrel Electro-Magnetic

Calorimeter (BEMC)

Measuring mid-rapidity electrons,
positrons and photons, and trigger-

ing high pr events

Endcap
Calorimeter (EEMC)

Electro-Magnetic

Measuring large-rapidity electrons,

positrons and protons

Zero-Degree Calorimeter (ZDC)

Measuring neutrons along the beam

direction, used for event triggering

Central Trigger Barrel (CTB)

Measuring charged particles at mid-
rapidity with a fast response for

event trigger
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The major sub-detectors of STAR used in this dissertation research are the Time Pro-
jection Chamber (TPC) [And03] and the Barrel Electro-Magnetic Calorimeter (BEMC)
with the Shower Maximum Detector (SMD) [Bed03]. Details of these sub-detectors will

be discussed in the following subsections.

2.2.1 Time Projection Chamber

Heavy ion collisions at RHIC can result in very high density tracking environment. For
example, a central Au+Au collision may produce more than 1000 primary particles
per unit of pseudo-rapidity. Therefore, RHIC is a very demanding environment in
which to operate a detector. The central element of the STAR detector is a large
volume, large acceptance Time Projection Chamber. Its acceptance covers +1.8 units
of pseudo-rapidity through the full azimuthal range of 27. It measures 4 m in diameter
by 4.2 m long, making it the largest TPC in the world. The TPC records the tracks
of particles, measuring their momenta, and identifies the particles by their ionization
energy loss (dE/dx). Particles are identified over a momentum range from 100 MeV/c

to greater than 1 GeV/c and momenta are measured over a range of 100 MeV/c to 30

GeV/c [And03].

Fig. 2.3 shows a schematic view of the STAR TPC, which sits in a homogeneous
magnetic field up to half a Tesla along the z axis, provided by a solenoidal magnet
outside the drift chamber. The major mechanical components of the TPC consist of the
outer field cage (OFC), the inner field cage (IFC), the high voltage central membrane
(CM), read out end caps and some other support devices. The CM, set at a voltage of
-28 kV, separates the TPC into two longitudinal drift regions, each 2.1 m long. The
concentric IFC and OFC cylinders (radius = 0.5 and 2.0 m, respectively) and the anode
read out end caps, which are 2.1 m away from the CM, define two coaxial cylindrical
drift volumes of 24.75 m®. The CM, concentric field cage cylinders and the read out
end caps define a uniform electric field of ~ 135 V/cm between the CM and each end
cap. Consequently the electric field and the magnetic field are parallel inside the TPC.

Electric field uniformity is critical since track reconstruction precision is better than 1
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Figure 2.3: The schematic view of the TPC in STAR.

mm and electron drift paths are up to 2 meters.

The working gas of the TPC is P10 gas (10% methane, 90% argon). A charged
particle traveling through the gas-filled TPC volume ionizes the gas along its trajectory.
Due to the influence of the electric field between the CM and the end caps, the released
secondary electrons from this ionization process drift to one anode end cap and positive
ions drift in the opposite direction to the CM. Once the electrons drift to the end caps,
they are detected by a Multi Wire Proportional Chamber (MWPC) with pad readout.
The arrival time is recorded. Since the drift velocity of the electrons is known, the z
coordinate of a point on the particle trajectory inside the TPC can be deduced from
the time of drift for electrons from the point of origin to the anodes on the end cap and
the known average electron drift velocity. The x and y coordinates are determined by
the projection of the signal onto the pad plane mounted below the MWPC. There are
a total of 136,608 pads in the pad readout.
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The 3-D coordinate space points finding is the first step of the TPC track recon-
struction process, resulting in a collection of points in global Cartesian coordinates. The
tracking software performs two distinct tasks. First, algorithms associate space points
to form tracks and second they fit the points on a track with a helix model to extract
information such as the momentum of the particle. The resulted track collection from
the TPC is combined with any other available tracking detector reconstruction results
and then refit by application of a Kalman filter routine - a complete and robust sta-
tistical treatment [Don05]. This track collection consists of the global tracks. Using
the helix parameters these global tracks are extrapolated to the closest approach to the
beam collision line. The global average is the primary collision vertex position. The
primary vertex resolution improves as the square root of the number of tracks used. A
resolution of 350 pum is achieved with more than 1000 tracks [And03]. When the 3-D
distance of closest approach (DCA) of a global track to the primary vertex is less than
3 cm, a refit of this track will be performed by forcing the track to originate from the

primary vertex. The resulted collection from the refits consists of primary tracks.

The TPC performs as a 70 million pixel digital camera, allowing for the 3-D recon-
struction of nearly all of the charged particles produced in each heavy ion collision at
RHIC. Fig. 2.4 illustrates the reconstruction of a large number of charged particles in

an event from Au-+Au collisions at /syny = 200 GeV.

The ionization energy loss dE/dx for a particle traversing the TPC gas volume is a
valuable tool allowing identification of particle species. The mean rate of dE/dz can be
described by the Bethe-Bloch equation 2.1 [BR93],

dE  4wNe' 1,

2me
“dr - me gl

1

iyt — - 20 .1

where N is the number density of electrons in the matter traversed, Z is the charge
of the traveling particle, m.c? is the rest energy of the electron, 3 is the velocity of
the particle, v = \/m, I is the mean excitation energy of the atoms of the
chamber gas and () is the relativistic medium polarization term. Different types of

particles with the same momentum passing through the TPC gas lose a different amount
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Figure 2.4: An event recorded by the STAR TPC from first Au+Au collisions at /sy
= 200 GeV. End view of the Time Projection Chamber from the beam direction.

of energy. Fig. 2.5 shows the energy loss for both primary and secondary particles in the
STAR TPC as a function of the particle momentum. Different particles form different
bands. The curves in Fig. 2.5 indicate the expected ionization energy loss for different
particle species according to the Bethe-Bloch equation. The typical resolution of dF /dx
in Au+Au collisions is ~ 8% [And03]. Kaons and pions can be separated by the TPC
up to a momentum of about 0.7 GeV/c, and the protons can be separated from kaons

and pions up to a momentum of about 1.1 GeV/c.

The STAR TPC has been running stably and reliably for several years. STAR has
published many exciting physics results utilizing the TPC. In this dissertation, we will

use the TPC as a major detector for electron identification and momentum measurement.
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Figure 2.5: The dE/dx distribution for primary and secondary particles in the STAR

TPC as a function of the momentum of primary particles. The magnetic field was 0.25

T.

2.2.2 Barrel Electro-Magnetic Calorimeter

The Barrel Electro-Magnetic Calorimeter (BEMC) allows STAR to trigger on and study
rare, high pr processes (jets, leading hadrons, direct photons, heavy quarks) and extends
the capabilities of STAR to provide large acceptance for photons, electrons, 7 and 7

mesons in systems spanning polarized p+p through Au+Au collisions [Bed03].

The BEMC is located inside the aluminum coil of the STAR solenoid within a cylin-
drical space approximately 41 cm deep, by 6.2 m in length. It is sandwiched between

the TPC’s gas chamber and the magnet coils. Fig. 2.6 shows a schematic drawing of
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Figure 2.6: Cross sectional views of the STAR detector. The Barrel Electro-Magnetic

Calorimeter is between the TPC and the magnet coils.

the STAR detector. The BEMC covers |n| < 1.0 and 27 in azimuth, thus matching the
acceptance for full TPC tracking. The inner surface of the BEMC has a radius of about

220 cm and parallel to the beam axis.

The design for the BEMC includes a total of 120 calorimeter modules, each sub-
tending 6" in A¢ and 1.0 unit in An. These modules are mounted 60 in ¢ and 2 in 7.
During Run-5 3/4 of the total barrel was instrumented to full azimuthal coverage and
—1 < n < 1. The west half (+Z) of the barrel was fully instrumented. Each module is
roughly 26 cm in width by 293 cm long with an active depth of 23.5 cm. Each module
is further segmented into 40 towers, 2 in ¢ and 20 in 7, with each tower covering 0.05
in A¢ by 0.05 in An. The full BEMC is thus physically segmented into a total of 4800
towers. Each of these towers is projective and points back to the center of the interaction

region. Fig. 2.7 shows the schematic view of a BEMC module illustrating the projective
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Figure 2.7: Side view of a BEMC module showing the projective nature of the towers.

The towers are all pointing to the center point of the interaction region.

nature of the towers in the n-direction.

The BEMC is a sampling calorimeter using lead and plastic scintillator. This design
is cost effective because of the large area and complex geometry of the BEMC. The
core of each module consists of a lead-scintillator stack and a shower maximum detector
(SMD) embedded approximately 5 radiation lengths below the inner surface of the
BEMC. The details of SMD will be discussed in section 2.2.3. Fig. 2.8 shows an end
view of a STAR BEMC module. There are 20 layers of 5 mm thick lead, 19 layers of
5 mm thick scintillator and 2 layers of 6 mm thick scintillator. The thicker scintillator

layers are associated with the pre-shower detector. The electronics for the pre-shower
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Figure 2.8: End view of a BEMC module showing the mounting system and the com-

pression components.

detector was not installed until 2004. The pre-shower detector data were not used for

this analysis.

2.2.3 Barrel Shower Maximum Detector

The Barrel Shower Maximum Detector (BSMD) is the partner detector of the BEMC. It
is highly segmented and used to provide refined position resolution and measurement of
the shower profile. Each of the 4800 towers of the BEMC spans A¢ x An = 0.05 x 0.05
which at the radius of the inner face of the detector corresponds to a tower size ~ 10 x 10

cm? at n = 0 increasing towards 7 = 1. While the BEMC towers provide precise energy
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measurements for isolated electromagnetic showers, the high spatial resolution provided
by the SMD is essential for 7 reconstruction, direct photon identification and electron

identification [Bed03].

“Ii Back plane Frout plane

Figure 2.9: Schematic illustration of the double layer SMD.

The conceptual design of the SMD is shown in Fig. 2.9. The SMD is located at
about 5 radiation length depth from the inner surface of the BEMC modules, where
the SMD has an approximately linear response versus energy in the energy range from
0.5 to 5 GeV [Bed03]. The location of the SMD corresponds to the maximum shower
development where a profile measurement can be made optimally with the selected

shower maximum detector technology (gas proportional chamber with strip readout).

The unique feature of the STAR SMD is its double layer design. A two sided alu-

minum extrusion provides ground channels for two independent planes of proportional
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wires. There are two independent PC Board cathode planes with strips etched in the
n and ¢ directions, respectively, allowing reconstruction of a two dimensional image of
the shower. The SMD is essentially a multi-wire proportional chamber - strip readout
detector using gas amplification. Fig. 2.10 shows a cross sectional view of the SMD, and

the design parameters and specifications are summarized in Table 2.4.

Back Strip PCB 150 strips are parallel to the anode wires

7 ﬂﬂ_ ;ﬁ\;l'ﬁi;

‘ 60 anode wires Cathode smps |

Ve \Lf \Lf \Lf \LF \Lf \Lﬁ\ _ \L. g\f ) J\um\

Front Strip PCB 150 strips are perpendicular to the anode wires

Figure 2.10: Cross sectional view of the SMD showing the extruded aluminum profile,

the wires and cathode strips.

The detector strips sense the induced charge from the charge amplification near the
wire. There are a total of 36000 strips in the full detector, 300 strips per BEMC module.
One set of 150 strips is perpendicular to the wires, providing an image of the shower
spatial distribution in the 7 direction. These are the 7 strips. Each of these 7 strips has
size of about 0.1 radians in ¢, i.e. the module width of about 23cm. The 7 strips have
two groups, one narrower and one wider in width. The 75 strips in n for |n| < 0.5 have a
width of about 1.54 c¢m; and the other 75 strips in 7 for || > 0.5 have a width of about
1.96 cm. The other set of 150 strips is parallel to the wire channels of the aluminum
extrusion. These are the ¢ strips. These ¢ strips are physically 1.33 cm wide and have
lengths of 0.1 units in 1. 15 of these strips form a patch/sub-division. There are 10

patches in each module. Each of these patches spans A¢ ~ 0.1 and An = 0.1.
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Table 2.4: Design parameters and specifications for the STAR SMD.

Parameter Value
Chamber Depth Inside EMC ~bHXgatn=20
Rapidity Coverage (Single Module) An=1.0
Azimuthal Coverage (Single Module) | A¢ = 0.105 R (6 degrees)
~ 1%

Occupancy (p+p)

Occupancy (Au+Au)

>5to ~25%

(depends on threshold cut)

Chamber Depth (Cathode to Cathode) 20.6 mm
Anode Wire Diameter 50 pm
Gas Mixture 90% Ar/10% CO,
Gas Amplification ~ 3000
110 ns

Signal Length

Strip Width(Pitch) in n for |n| < 0.5

1.46 (1.54) cm

Strip Width(Pitch) in 7 for |n| > 0.5

1.88 (1.96) cm

Strip Width (Pitch) in ¢

1.33 (1.49) cm

Number of Strips per Module

300

Total Number of Modules

120

Total Number of Readout Channels

36000
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The double sided SMD design has some important features, including improved
reliability, improved functionality in a high occupancy environments, improved hadron
rejection and 7%/ separation, and simplified mechanical construction. The later point
is significant. The double sided extrusion design made it easy to satisfy the mechanical

constraints for insertion within the EMC stack.

The STAR BEMC with its partner detector SMD can extend the capabilities of
STAR to identify and measure electrons. We will use the BEMC with the SMD as

another major detector in this dissertation research.

The BEMC is highly sensitive to electrons or photons, as they interact with the
lead layers almost immediately upon entering the detector. An electromagnetic shower
begins when a high-energy electron or photon enters the lead material. At high energy,
photons interact with matter primarily via pair production - that is, they convert into an
electron-positron pair, interacting with the lead atom or electron in order to conserve
momentum. High-energy electrons and positrons primarily emit photons, a process
called bremsstrahlung. These two processes continue in turn, until photons fall below
the pair production threshold, and energy losses other than bremsstrahlung start to
dominate for electrons: the number of shower particles then decays exponentially. The

process is shown schematically in Fig. 2.11.

Charged hadrons are much less affected by the electromagnetic interaction with the
lead atoms. Many charged hadrons will be produced in every collision at RHIC. When
striking the BEMC, a significant fraction, ~ 20—30% of high energy charged hadrons do
not deposit a significant amount of energy via nuclear interactions, instead depositing
~ 250 — 350 MeV of equivalent energy in the calorimeter due largely to electromagnetic
ionization (the dE/dx energy loss described by the Bethe-Bloch equation 2.1). These
hadrons are so-called “Minimum Ionizing Particles” (MIP) producing “MIP hits” in the
EMC towers. The energy deposition of non-showering, high pr hadrons is approximately

constant and provide a convenient calibration reference [CPR02].
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Figure 2.11: Schematic diagram of an electron initiated electromagnetic shower.
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CHAPTER 3

PYTHIA Monte-Carlo Studies

We compare the D meson and non-photonic electron pr distributions measured from
the STAR experiment at RHIC with the PYTHIA Monte Carlo event generator in p+p
collisions at \/syny = 200 GeV. A delta fragmentation function much harder than the
Peterson function, consistent with the recombination scheme for charm meson forma-
tion, is needed to simultaneously describe the STAR measurements of the D meson
pr shape and of the single non-photonic electron py distribution. Correlations of non-
photonic electrons with charged hadrons are studied. We propose experimental methods
to quantitatively determine the relative contributions of D and B meson semi-leptonic

decays to the non-photonic electrons.

3.1 D Meson and Non-Photonic Electron Spectra

The heavy quark production in p+p and p+A collisions provides a reference for heavy
meson formation in nucleus-nucleus collisions and for nuclear modification factors of

heavy quarks in the nuclear medium. The Peterson function [PSS83]

1
D(zEpD/pc)OCZ[l —1/z—¢/(1 = 2)]?

(3.1)

has often been used to describe the charm fragmentation function, where the parame-
ter € = 0.05 (default in PYTHIA [SLMO01]) is in reasonable agreement with the results
from fits to charm production in ete™ and 7p collisions [NO00, Gla03]. However, in
charm hadroproduction, it was observed that the c-quark pr distributions of next-to-
leading-order (NLO) pQCD calculations agree well with the measured open charm pr

spectrum [Ada97, Alv96], indicating that a much harder fragmentation function peaked
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near z =~ 1 in Eq. 3.1 is needed in charm hadroproduction. A more detailed discus-
sion of this observation can be found in Ref. [VBH92, FMNO9S]. In low energy nuclear
collisions an intrinsic kr distribution was introduced to the initial parton transverse
momentum distribution to boost the pr of heavy quarks produced [FMNO9S8|. However,
it is found that at RHIC energy previous ky parameters were insufficient to enhance the
heavy quark pr to match the RHIC measurement [Vog03]. Coalesence [LK02, LMO03| or
recombination [FMNO03, HY03a, GKLO03] models have also been proposed for charmed
meson formation by combining a charm quark with a light up or down quark, presum-
ably of soft pr [RS03]. Thus the charmed hadron pr would coincide with the bare
charm quark pp distribution in this hadronization scheme. These various hadron for-
mation schemes can lead to significantly different charmed meson pr distributions when

interpreting non-photonic electron pr spectra from experimental measurements.

3.1.1 D Meson Transverse Momentum Distributions

We evaluate the pp distributions of the charm quark and D mesons from PYTHIA
v6.22 [SLMO1] and compare the PYTHIA results with the STAR measurements [Ada05b,
Tai04]. The charm quark fragmentation function will be modified from the default
Peterson function and the other PYTHIA parameters are tuned in order to describe the

experimental D meson data as well as the STAR non-photonic electron spectra [Abe06b].

Fig. 3.1 shows charm quark spectra from PYTHIA calculations and NLO pQCD
predictions for charm quark spectra [Vog03] together with the STAR D meson spectrum,
where the measured D meson data points from d+Au collisions at /syy = 200 GeV
have been scaled by Ny, = 7.5 — the number of binary collisions. The PYTHIA spectra
have been scaled to the measured dN/dy of 0.0284+0.004 (stat.) £0.008 (syst.) [Ada05b]
for D° at mid-rapidity. The scaling factors are listed in Table 3.1. The theoretical curve
with the MRST HO PDF has been normalized to the measured total c¢ cross section
(1.3+0.2 £ 0.4 mb) [Ada05b] by a factor of 3.4.

The stars in Fig. 3.1 depict the charm quark pr distribution from a PYTHIA calcula-
tion with the following parameters (set I) from reference [Adc02]: PARP(67) = 1 (factor
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Figure 3.1: Charm quark pp distributions from PYTHIA calculations compared with
next-to-leading-order pQCD predictions for charm quark spectra and the STAR mea-
sured D meson data from d+Au collisions scaled by Ny;, = 7.5.

multiplied to Q?) , < k; >= 1.5 GeV/c, m. = 1.25 GeV/?, K joetor = 3.5, MSTP(33)
= 1 (inclusion of K factors), MSTP(32) = 4 (Q?* scale) and CTEQ5L PDF. We further
tuned the value of PARP(67) to 4, which enhances the c-quark production probability
through gluon splitting and is introduced to take into account higher order effects in the
pQCD calculation [NS00]. The results are shown as triangles in Fig. 3.1. We found that
this change mainly affects c-quark production at high pr and can effectively reproduce
the NLO pQCD calculation. We will refer to this set of parameters as parameter set 11
in the rest of this thesis. The total cross section changes very slightly from parameter
set I to parameter set II because it mainly affects the high pr region. Thus the normal-
ization factors for the PYTHIA spectra also change slightly between these two sets of

parameters as shown in Table 3.1.
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Table 3.1: The scaling factors used to normalize the PYTHIA charm quark and D°
spectra to the measured dN/dy of 0.028 - 0.004 (stat.) 40.008 (syst.) for D° at mid-ra-

pidity.
Spectrum Scaling factor
c-quark with parp(67) = 4 1.01
c-quark with parp(67) = 1 1.03
D° with parp(67) = 4, e =107° 1.60
DY with parp(67) =1, =107° 1.62
DY with parp(67) = 4, e = 0.05 1.72
D° with parp(67) = 1, e = 0.05 1.75

We compared the charm quark spectra from PYTHIA calculations to the STAR pub-
lished D° spectrum [Ada05b] together with the STAR preliminary D* spectrum [Tai04].
The combination of STAR measured D* and D° meson spectra into a single D me-
son spectrum is hampered by the large uncertainties in the ratio D*/D° = 0.4 4+ 0.09 +
0.13 [Tai04] which is experimentally not well known at RHIC. The STAR D meson spec-
trum covers a limited pr range and is not well constrained at high pr. Without further
tuning other PYTHIA parameters, we find that the generated bare charm quark spectra
from PYTHIA calculations using parameter set I and parameter set II approximately
match the STAR D meson pr distribution. As demonstrated in Fig. 3.1, the PYTHIA
calculation with parameter set II also yields a charm quark pr distribution similar to
the NLO pQCD calculations [Vog03, CNVO05], which coincides with the STAR D meson
pr spectrum as well. These comparisons do not imply that the PYTHIA calculations
with these two parameter sets and NLO pQCD calculations are equivalent in physics

contents.

The D pr distributions from PYTHIA calculations are shown in Fig. 3.2, where
the PYTHIA spectra have been scaled to the measured dN/dy for D° at mid-rapidity.
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Figure 3.2: D° pp distributions from PYTHIA calculations compared with next-to-lead-
ing-order pQCD predictions for charm quark spectra and the STAR measured D meson
data from d+Au collisions scaled by N, = 7.5.

The scaling factors are listed in Table 3.1. The D° spectra from PYTHIA calculations
using the default Peterson fragmentation function is shown as open circles for parameter
set IT and crosses for parameter set I. The default Peterson function refers to the value
of the parameter ¢ in Peterson function being 0.05 for charm quarks and 0.005 for
bottom quarks. The default Peterson fragmentation for charm quarks is too soft to
reproduce the measured DY spectrum together with D* spectrum. We modified the
value of the parameter ¢ to 107° for both charm and bottom quarks. In this case the
fragmentation function is nearly 6(1 — z). The results are shown as stars for parameter
set I and triangles for parameter set I in Fig. 3.2. The PYTHIA calculations using the
modified Peterson fragmentation function (¢ = 107°) with parameter set I and set II

can reasonably reproduce the measured D meson pr distribution.
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While the kr broadening can make the charm py distribution harder at low beam
energies [FMNO8|, the intrinsic kr has little effect on the pr distribution at RHIC
energies [Vog03]. A harder fragmentation function is needed for the hadronization of
charm quarks if the pQCD calculation is to describe the measured STAR data. Recent
FONLL calculations yielded a harder py distribution for heavy flavored mesons and the
effective fragmentation in these calculations seem to be harder though the scheme in

FONLL is different from the fragmentation function in the PYTHIA model.

3.1.2 Non-Photonic Electron Transverse Momentum Distributions

The STAR independent measurements of the reconstructed D° meson and of the single
electrons from heavy quark semi-leptonic decays measured with TOF and TPC are
consistent [Ada05b]. The electron measurement there only covers up to pr < 4 GeV/c
and has no sensitivity to the B meson contribution. We also checked the consistency

between D meson data and non-photonic single electron data in p+p collisions within

our PYTHIA calculations.

Fig. 3.3 shows the electron spectra from PYTHIA calculations using the modified
Peterson fragmentation function for charm quarks and bottom quarks with parameter
set II in the left panel and parameter set I in the right panel. Fig. 3.4 shows the
electron spectra from PYTHIA calculations using the default Peterson fragmentation
function for charm quarks and bottom quarks with parameter set II in the left panel and
parameter set I in the right panel. The parameters for bottom quarks in set II and set I
are all the same as for charm quarks except m;, = 4.8 GeV/c%. The PYTHIA spectra of
electrons from charm meson decays (blue open triangles) are scaled by the same factor
used to scale the PYTHIA DY spectra to the measured dN/dy for D° at mid-rapidity.
The electron spectra from B meson decays (green bands) are normalized by the ratio
of 043/0e based on the NLO pQCD calculation [Vog02]. The band corresponds to the
theoretical uncertainty of this ratio (0.45% - 0.60%) [Vog02]. We used the value at the

center of this range (0.525%) to calculate the sum of the electrons (red solid lines).

Fig. 3.3 and Fig. 3.4 also show the comparison to the measured non-photonic single
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Figure 3.3: Electron spectra from PYTHIA calculations with the ¢ fragmentation func-
tion for charm and bottom quarks compared with background subtracted single electron
spectrum measured by STAR from p-+p collisions and the prediction for theoretical un-
certainty electron band. The oy;/0. ratio from NLO pQCD calculation is used to scale
the PYTHIA spectra. Left panel: The PYTHIA spectra are from parameter set II.

Right panel: The PYTHIA spectra are from parameter set .

electron data in p+p collisions from the STAR (black dots) [Abe06b] experiment and
the FONLL calculation for the theoretical uncertainty band of the electron spectrum

from charm and bottom in p+p collisions (dashed lines) [CNVO05].

The electron spectra from PYTHIA calculations using the default Peterson fragmen-
tation function are softer than the STAR measured electron data as shown in Fig. 3.4.
The spectra from the default Peterson fragmentation function are compatible with the
upper limit of the FONLL calculation. The FONLL prediction of electron spectrum
gives a fair description of the shape of the STAR measured spectra. But there is a dis-
crepancy in the overall scale and the FNOLL calculation is significant below the STAR
data at high pr. More discussions on the theoretical uncertainties of the FONLL cal-

culation and the discrepancy between FONLL calculations and the STAR measurement
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Figure 3.4: Electron spectra from PYTHIA calculations with the default Peterson func-
tion in PYTHIA for charm and bottom quarks compared with background subtracted
single electron spectrum measured by STAR from p+p collisions and the prediction
for theoretical uncertainty electron band. The o,3/0. ratio from NLO pQCD calcula-
tion is used to scale the PYTHIA spectra. Left panel: The PYTHIA spectra are from

parameter set II. Right panel: The PYTHIA spectra are from parameter set I.

can be found in Section 1.5.1.

The measurement of electron pr distribution alone has a reduced sensitivity to the
pr distribution of D mesons as shown in reference [BKGO03]. As shown in Fig. 3.3, within
the statistical and systematic errors of the STAR electron data, the PYTHIA calcula-
tions, using the 0 fragmentation function for both charm and bottom quarks, with both
parameter set II and parameter set I can yield electron pr distributions similar to the
STAR non-photonic electron measurement. The STAR direct D meson measurement
and non-photonic electron measurement are consistent within our PYTHIA calculations.
A § fragmentation function is needed to simultaneously describe the STAR measure-
ments of the D meson pr shape and of the single non-photonic electron pr distribution.

This ¢ fragmentation function scheme indicates that the contribution of electrons from
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B decays is not dominant for the measured pr region up to 6 - 8 GeV/c if the oy;/0.¢

ratio is ~ 0.45% — 0.60% based on NLO pQCD calculation.
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Figure 3.5: Electron spectra from PYTHIA calculations with the ¢ fragmentation func-
tion for charm and bottom quarks compared with background subtracted single electron
spectrum measured by STAR from p+p collisions and the prediction for theoretical un-
certainty electron band. The o,;/0. ratio from FONLL calculation is used to scale the
PYTHIA spectra. Left panel: The PYTHIA spectra are from parameter set II. Right

panel: The PYTHIA spectra are from parameter set 1.

The recent FONLL calculation [CNV05] gives a total c¢ cross section in p+p collisions

FONLL — 256119 b, and the total cross section for bottom production is &

1.8710:22 ub. The theoretical uncertainty of o,5/0. ratio we used here (0.45% - 0.60%)

FONLL _

of o bb

based on the NLO pQCD calculation [Vog02] may be an underestimate according to this
recent FONLL calculation. We then extend the uncertainty of o;;/0.: ratio according

to the FONLL calculation. We use the values of JgJON LL (upper) | aEONEL (ypper) and

cc

FONLL

o (lower) /oFONLL

cc

(lower) to determine the uncertainty range of 0};/0.z ratio and
it is ~ 0.436%—1.09%. The center value is determined by o OV E (center) /o LONEE (center)

cc

~ 0.53% and is used to calculate the sum of the electron spectra. The results are shown
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in Fig. 3.5. The B decay contribution to non-photonic electrons starts to become dom-
inant at pr around 4 GeV/c if the oy;/0. ratio approaching the higher end of the
theoretical uncertainty region of ~ 0.436% — 1.09% from the FONLL calculation.

3.2 Experimental Methods to Estimate Relative Contributions
to Non-Photonic Electrons from Charm and Bottom De-

cays

It is critical that the B and D meson semi-leptonic decay contributions to non-photonic
electrons to be separated experimentally. We propose experimental methods to estimate

relative contributions from charm and bottom decays.

3.2.1 Azimuthal Correlations Between Non-Photonic Electrons and Charged

Hadrons

We have studied the azimuthal correlations between heavy quark semi-leptonic decay
electrons and inclusive charged hadrons. Since in the experimental data we cannot
differentiate heavy quark decay hadrons from others, we used inclusive hadrons in our
correlation study. Fig. 3.6 shows the Ay distributions between non-photonic electrons
and inclusive charged hadrons of pr > 0.3 GeV/c for various electron trigger py ranges.
The distributions are scaled by the number of electron triggers. These plots are from
PYTHIA calculations with parameter set II and the modified heavy quark fragmentation
function. The solid lines in Fig. 3.6 are for electrons from B meson decays and the
dashed lines are for electrons from D decays. As demonstrated in Fig. 3.6, there is a
significant difference between B and D meson decays in the near-side correlations. The
width of near-side peak for electrons from D decays is much narrower than those for
the B decays. The wide width from B meson decays is due to the larger energy release
(@ value) in the B meson semi-leptonic decays leading to a broad angular correlation
between daughter hadrons and electrons. Fig. 3.7 shows the distributions of electron pr

versus its parent pr. For an electron at high py from B meson decays, the B meson
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Figure 3.6: Ay distributions between non-photonic electrons and charged hadrons with
six electron trigger pr cuts and associated hadron pr > 0.3 GeV/c. Solid lines show

electrons from B meson decays. Dashed lines show electrons from D meson decays.

does not have to be at high transverse momentum because the electron can get large
momentum from the b-quark mass. In the case of D meson decays, the D meson needs
to have a large momentum in order to boost the daughter electron to a high pr. The
lowest electron trigger pr, 2.5—3.5 GeV /¢, is larger than the D meson mass, making the
near-side correlation sharper. However, the electron trigger pr doesn’t become larger
than the B meson mass until 5.5 < pr(trig) < 6.5 Gev/c. Therefore, the motion of the
B meson is less relativistic than that of the D meson. There is no sharp peak at the
near-side correlation emerging until the electron trigger pr is approaching twice the B

meson mass.

We found the difference in the near-side correlations between D decays and B decays
is largely due to the decay kinematics, not the production dynamics. We trace back three

steps to find the hadrons from D meson decays and study the non-photonic electrons
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Figure 3.7: The distributions of electron py versus its parent pr. Left: Electrons from

D decays. Right: Electrons from B decays.

azimuthal correlations with those hadrons from D meson decays. Fig. 3.8 gives the
distributions with two electron trigger pr ranges as an example. The left panels are the
correlations between non-photonic electrons and inclusive charged hadrons. The middle
panels are the correlations between non-photonic electrons and the hadrons from D
meson decays. The right panels are the subtractions. We can see the contribution to
the near-side correlation is mostly due to the hadrons from D meson decays. This plot

is from PYTHIA calculations with the § fragmentation function and parameter set II.

The comparison of Ay distributions between PYTHIA calculations with the default
Peterson fragmentation function and the § fragmentation function is shown in Fig. 3.9
for D decays and in Fig. 3.10 for B decays. Variations on the fragmentation function
from the default Peterson function to the § fragmentation function do not change the
correlation shapes in a significant way. The comparison of Ay distributions between
PYTHIA calculations with parameter set II and parameter set I is shown in Fig. 3.11
for D decays and in Fig. 3.12 for B decays. We can see the correlation shapes are very

similar between parameter set Il and parameter set 1.

23



HEFaE®

DOCTORAL DISSERTATION
‘ 2.5<p(trig) < 3.5 GeV/c, p,(asso) > 0.3 GeVic ‘ 2.5<p(trig) < 3.5 GeV/c, p, (asso) > 0.3 GeVic ‘ 2.5<p(trig) < 3.5 GeV/c, p, (asso) > 0.3 GeVic
10000? D decays Inclusive hadron 6000;* D decays D->h 65007 D decays Subtraction
9000; [ 6000
8000: 5500
0 0
‘§7000 ‘§5000
36000 84500
5000 4000
3500
4000 | 3000}
L £l | | | | | |
3000-3 2 -1 0 1 2 3 3 2 -1 0 1 2 3 3 2 -1 0 1 2 3
Ad Ad Ad
‘ 4.5<p(trig) < 5.5 GeV/c, p,(asso) > 0.3 GeVic ‘ ‘ 4.5<p(trig) < 5.5 GeV/c, p, (asso) > 0.3 GeVic ‘ ‘ 4.5<p(trig) < 5.5 GeV/c, p, (asso) > 0.3 GeVic ‘
700, —
I Ddecays Inclusive hadron 500F 450; D decays Subtraction
- I 400}
600; 400[ H
I 350
500 [ i
3 400 3 | 3>
© © 200f © 250f
300 [ H
100} 2004
200 150}
Ll L L L L L L G -
3 -2 -1 0 1 2 3

Figure 3.8: Left: Azimuthal correlations between non-photonic electrons and inclusive
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the hadrons from D meson decays. Right: The subtraction of left panel and the middle
panel. This plot is from PYTHIA calculations with the ¢ fragmentation function and

parameter set II.
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Figure 3.9: Comparison of A distributions for D decays between PYTHIA calculations

with the default Peterson fragmentation function and the § fragmentation function.
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Figure 3.13: The distributions of electron py versus inclusive hadron py. Left: Electrons

from D decays. Right: Electrons from B decays.

The distribution of electron pr versus inclusive hadron pr is different between D
decays and B decays as shown in Fig. 3.13. Thus the efficiency of associated hadron pp
cut is different between D decays and B decays. Therefore, it is better to use a lower

pr cut on the associated particle in order to avoid analysis bias.

The bottom contribution to the non-photonic electrons can be determined directly
from the electron spectra in PYTHIA. The results are given in the second column of Ta-
ble 3.2. Note these ratios are from PYTHIA spectra without the o;;/0. normalization.
However, this method cannot be used to determine the bottom contribution experimen-
tally. In order to experimentally determine the bottom contribution fraction, we use
the Ay distributions for B decays and D decays to fit the Ay distribution for PYTHIA
inclusive case (either B decays or D decays), and let the B contribution fraction as a
parameter. The fraction is determined by minimizing the x? value. And the fitting error
is determined by one o shift of x?/ndf from the minimum value. The fitting error will
be reduced by increasing the statistics. The results are shown in the third column of

Table 3.2. The results are consistent with those directly from the electron spectra. This
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Table 3.2: Fractions of B meson decay contributions from electron spectra and Ay
distribution fitting in PYTHIA calculations with parameter set II and § fragmentation

function for charm and bottom quarks.

pr(trig) (GeV/c) | From Spectra (%) | From Fitting (%)
2.5-3.5 12.64 + 0.04 12.64 +1.37
3.5 -4.5 21.65 £0.12 21.65 £2.55
4.5-5.5 30.50 £+ 0.26 30.50 £4.76
5.5-6.5 36.66 £+ 0.48 36.66 + 7.87
6.5 - 8.5 42.24 £0.71 42.24 +£11.10
8.5-10.5 49.82 4+ 1.72 49.82 £+ 25.11

indicates that the method we proposed is self-consistent. This approach can be used to

experimentally estimate the B and D contributions to the non-photonic electrons.

3.2.2 Particle Production in the Cone around Triggered High-p; Non-Photonic

Electrons

We further studied the particle production within a cone around triggered high pr
electrons from heavy quark decays. We focused on the scalar summed py distributions
of inclusive charged hadrons in the cone (pr refers to the transverse momentum in the
laboratory frame). Here the cone is defined by |n, — n.| < 0.35 and | — .| < 0.35 (n
is pseudorapidity and ¢ is azimuthal angle). The summed p7 distributions of inclusive
charged hadrons in three triggered electron pr ranges are shown in Fig. 3.14. The
distributions are scaled to unity. The dashed lines are for D decays and the solid lines
are for B decays. These plots are from PYTHIA calculation with parameter set II and
the § fragmentation function for charm and bottom quarks. We also can see that there
is a significant difference between B decays and D decays. The summed pr distributions

for D meson decays are much wider than those for B meson decays. The comparison
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Figure 3.14: Summed p7 distributions of charged hadrons around triggered non-photonic
electrons with three electron trigger pr cuts. Solid lines show electrons from B meson

decays. Dashed lines show electrons from D meson decays.

of summed py distributions between PYTHIA calculations with the default Peterson
fragmentation function and the § fragmentation function is shown in Fig. 3.15 for D
decays and in Fig. 3.16 for B decays. The comparison of summed pr distributions
between PYTHIA calculations with parameter set II and parameter set I is shown in
Fig. 3.17 for D decays and in Fig. 3.18 for B decays. We also find that the summed pr
distributions do not change significantly when varying the fragmentation function from
the default Peterson function to the 0 fragmentation function, and that the distributions
are very close between PYTHIA calculations with parameter set II and parameter set I.
The difference between B decays and D decays can also be used to distinguish B and D
decay contributions. We use the summed pr histograms from B decays and D decays
to fit the summed pr histogram from PYTHIA inclusive case to determine the B decay
contribution. The results are shown in Table 3.3. The results are consistent with those
directly from the electron spectra. The ratios for the same trigger pr ranges are different

between Table 3.3 and Table 3.2. It is because we removed those electrons which have no
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hadrons in the cone around them when we calculated the bottom contribution from the
electron spectra for Table 3.3. This removes different fractions from B and D decays,
which has to be corrected by simulations. This was done to make the results directly
from the electron spectra comparable to the results from hadron summed pr histogram
fitting. It will be more practical for small acceptance experiments to investigate the B

decay contribution using summed p7 histogram fitting.

Table 3.3: Fractions of B meson decay contributions from electron spectra and summed
pr histogram fitting in PYTHIA calculations with parameter set II and the ¢ fragmen-

tation function for charm and bottom quarks.

pr(trig) (GeV/c) | From Spectra (%) | From Fitting (%)

2.5-3.5 8.25 £ 0.05 8.25 £ 1.50
3.5-4.5 14.94 £0.13 14.94 £ 2.54
4.5-5.5 22.60 £0.29 22.60 £4.13

62



HE i
DOCTORAL DISSERTATION

1F
[ - - Default Peterson FF} - - - Default Peterson FF | - - - Default Peterson FF
[ — OFF — 3FF — 3FF
25-35GeV/c 3.5-4.5GeVic 45-55GeVic
10 D Decays B D Decays D Decays
o E =
e L
N L
O
Z 1
10°F 3 :
[ ]
10_3 P T B . PR A S I P I L
0 2 4 6 8 2 4 6 8 2 4 6 8
Zp (GeV/c)
T

Figure 3.15: Comparison of summed pp distributions for D decays between PYTHIA

calculations with the default Peterson fragmentation function and the ¢ fragmentation

function.
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Figure 3.16: Comparison of summed pp distributions for B decays between PYTHIA

calculations with the default Peterson fragmentation function and the 6 fragmentation

function.
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Figure 3.17: Comparison of summed pr distributions for D decays between PYTHIA

calculations with parameter set Il and parameter set I.
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Figure 3.18: Comparison of summed pp distributions for B decays between PYTHIA

calculations with parameter set Il and parameter set I.
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CHAPTER 4

Data Analysis

This chapter is dedicated to a detailed description of the analysis for the azimuthal
correlations between non-photonic electrons and charged hadrons. We start this chapter
by presenting the data set that is used in this analysis, including trigger selection, event
vertex cut, etc. The analysis procedure includes inclusive electron identification and
background electron removal. We will give a detailed description of the method and
procedure to extract the signal of e-h azimuthal correlations. We end this chapter by
showing the results of the non-photonic electron azimuthal correlations with charged

hadrons.

4.1 BEMC High Tower Trigger

The STAR trigger system [Bie03] is a 10 MHz pipelined system based on a fast detector
output that controls the event selection for the much slower tracking detectors. The
trigger system is functionally divided into different levels with level 0 being the fastest
while level 1 and level 2 are slower. The final trigger decision is made in level 3 based
on tracking in the slow detectors. The level 0 trigger is distinct from all higher levels
in that level 0 selects events for processing while all other levels only function as event
aborts. The level 0 is the only level which does not incur large dead times from the
opening of the gating grid in the TPC. It is deadtimeless and capable of action on each

RHIC beam crossing.

The BEMC is an important part of STAR’s level 0 trigger, capable of triggering on

high pr physics through its electromagnetic component. It is fast and sensitive to the
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Figure 4.1: The trigger and data acquisition electronics chain for the STAR BEMC [Sta).

energy from electromagnetic showers.

The STAR level 0 trigger needs to provide a trigger to the TPC within about 1 us
(~10 RHIC crossings) and to the STAR level 0 trigger processors within about 700 ns,
including cable delays. For reasons of speed and limited bandwidth, the EMC trigger
uses trigger primitives instead of the full EMC data. There are two kinds of trigger
primitives from the EMC front end electronics. One set of primitives called “patch
trigger” consists of 300 tower sums, digitized to 6 bits each, from patches of 0.2 by 0.2
in 7 — ¢. The other set of primitives called “high tower trigger” is 300 high tower values
of 6 bits from the single largest 0.05 x 0.05 tower signal within each 0.2 x 0.2 patch.
These primitives are processed to make final trigger decisions based on total Er, jet
triggers, photon triggers, etc. These results are then passed to STAR level 0 in 700 ns

to participate as a component of the final level 0 decision [Bed03]. The trigger and data
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acquisition electronics chain for the STAR BEMC is shown is in Fig. 4.1.

Of interest to the analysis in this dissertation is the high tower trigger. Events with
an energy deposition in a single tower of the BEMC above a certain threshold can be
selected to enhance the sample of events, in which a high transverse momentum photon

or electron is produced.

4.2 Event Selection

The data set used in this analysis is p+p events at \/syny = 200 GeV recorded by STAR
in Run-5. As discussed in section 2.2, the main detectors utilized in this analysis are

the TPC and the BEMC with SMD. We require both the TPC and BEMC information.
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Figure 4.2: The position of the primary vertex Z for p+p run in year 2005.

In RHIC Run-5, the STAR detector has accumulated several data sets from p+p
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Figure 4.3: Left: The position of the primary vertex Z for minimum bias triggered
events. Right: The position of the primary vertex Z for BEMC high tower triggered
events. The statistics used to make these two plots is only about 10% of that is used to

produce Fig. 4.2.

collisions at \/sSyny = 200 GeV, including minimum bias triggered data', BEMC high
tower triggered data, jet patch triggered data, etc. For this dissertation research, we
use the BEMC high tower triggers to enrich the event samples with high pr electrons
producing signals in the calorimeter. The threshold for HighTower-1 and HighTower-
2 is the energy deposition in a single tower of the BEMC of 2.6 GeV and 3.5 GeV,
respectively. The STAR magnet has been run in full field and half field configurations
during p+p data taking in Run-5. In this analysis, we make use of events where the

STAR magnet was operating at the full field.

Our analysis was restricted to events with a primary vertex Z from -40 cm to 30
cm of the center of the TPC along the beam direction. Fig. 4.2 shows the position
distribution of primary vertex Z. The offset to negative Z region of primary vertex Z

distribution is due to the trigger setup. Fig. 4.3 shows primary vertex Z distributions

!The minimum bias p+p events are triggered on a coincident signal of two Beam-Beam Coun-
ters(BBCs), which are mounted around the beam pipe at +3.7 m from the interaction point, covering
pseudorapidity 3.4 < |n| < 5.0 [Kir03].
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Figure 4.4: Detailed event statistics for p+p 200 GeV e-h analysis. Only events with

valid BEMC information, high tower triggers and satisfying the vertex Z cut are kept.

for minimum bias triggered events (left panel) and BEMC high tower triggered events
(right panel). An apparent asymmetry exists in the BEMC high tower triggered events.
HighTower-1 and HighTower-2 only triggered in the west half (+72) of the BEMC during
Run-5. The effective threshold in the barrel depends on the vertex position. The farther
negative the vertex Z, the lower the effective threshold, thus the more events pass the
threshold in the negative Z region. We apply an asymmetric primary vertex Z cut in
order to maximize the statistics and minimize the photon conversion background from

material in the STAR detector configuration.

Fig. 4.4 shows a detailed tally of event statistics used in this analysis. There are
about 42.5 million full-field events with valid BEMC information and TPC information.
After various event selections and cuts about 2.4 million HighTower-1 full-field events

and 1.7 million HighTower-2 full-field events were used to produce the results shown in
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this dissertation.

4.3 Electron Identification and Hadron Rejection

Electron identification was carried out by combining ionization energy loss in the TPC
with energy deposition in the BEMC and shower profile in the SMD. Note that for the

electron identification, we didn’t do trigger selection for the data set.

4.3.1 dF/dx from the TPC

The TPC is the main tracking detector in STAR for identifying charged particles as
discussed in section 2.2.1. The measurement of the ionization energy loss, dF/dx, for
charged tracks in the TPC gas is used to identify electrons in the first stage. Fig. 4.5
shows the distribution of dF/dx versus momentum for the tracks satisfying the following

requirements:

-0.7 < psedorapidity n < 0.7

e 20 < No. of fit points < 50

15 < No. of dE/dx points < 100

0.52 < No. of fit points divided by No. of maximum points < 1.2

0 < Chi square < 3.0

0 < Global DCA < 1.5

The reason to set up those cuts will be discussed in Table 4.1. The electron band
crosses the hadron bands as shown in Fig. 4.5. Therefore, the TPC alone can give useful
but not definitive information for electron identification. Fig. 4.6 is the projection of
Fig. 4.5 onto the dF/dx axis with a transverse momentum cut of pr > 2.0 GeV/c. We
can see two peaks with the electron dE/dz peak to the right and the hadron dE/dz peak

to the left. The ramp on the right side of the electron dF/dx peak is due to track merge.
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Figure 4.6: The projection of Fig. 4.5 with a py cut of pr > 2.0 GeV/c.
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If two tracks are very close to each other, the TPC track reconstruction software tends
to reconstruct them as one track with dE/dx equaling the sum dE/dz of them. With
the TPC only, the electron peak and hadron peak are not well separated, and the signal
(electron) to background (hadron contamination) ratio is small. Although requiring
the dE/dx values of the selected tracks to be near the expected electron band rejects a
significant fraction of the hadron contamination, the TPC’s particle identification ability
is not enough to completely separate hadrons from electrons. For the e-h correlation
study, we demand a very pure electron sample. Thus, additional detectors are needed

for electron identification.

4.3.2 Information from the BEMC with SMD

The TPC reconstructed charged tracks with pyr > 2.0 GeV/c are extrapolated onto the
BEMC tower inner plane, the SMD 7 plane and the SMD ¢ plane respectively. Electrons
and photons will go into the BEMC towers, create electro-magnetic showers and deposit
almost all of their energies in the BEMC. Therefore, the BEMC provides the energy
information for these particles. The SMD, which is about 5 radiation lengths below the
inner surface of the BEMC, is used to measure the positions and the sizes of the showers.
The software package to reconstruct electro-magnetic particles by reconstructing their
showers has been developed by Dr. Dong. See reference [Don06] for a detailed discussion
on the reconstruction of these electro-magnetic particles and for the comparison between

the software developed by Dr. Dong and other available software packages.

Only some towers in the east half (—Z2) of the BEMC were calibrated for some of the
runs during Run-5 p+p collisions, and there is no SMD in the east half of the BEMC.
HighTower-1 and HighTower-2 only triggered in the west half of the BEMC. Thus, we
only use the data from the west half of the BEMC. The TPC tracks are projected onto
three planes of the 60 modules in the west half of the BEMC. A virtual projection
point is the combination of the information from the three separated projections. The
projections onto the SMD 7 and ¢ planes provide the n and ¢ information. The BEMC

point reconstruction software developed by Dr. Dong is used to reconstruct the BEMC
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points. Each BEMC point has a tower which geometrically contains the projection
point to the tower inner plane, and is associated with the TPC track. More than one
reconstructed BEMC points can share a tower hit, thus multiple BEMC points can
be associated with one TPC track. More than one TPC tracks can also share one
tower. One requirement for electron candidate is that the track should have at least one

associated BEMC point.
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Figure 4.7: The red curve is the p/E distribution for electron candidates. The black
curve is the p/E distribution for all tracks passing the basic track quality cuts and with

BEMC association. The blue lines denote where we set the cut.

The BEMC towers have about 21 radiation lengths. When electrons strike the

towers, they will deposit almost all of their energy in the towers. Hadrons, even those
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which shower within the calorimeter, typically deposit far less than their total energy
in a tower. Thus, the comparison of the TPC tracked momentum to the tower energy,

p/E, is an electron identifier. The ratio of p/E should be around one for electrons.

Fig. 4.7 shows the p/E distribution for electrons candidates (red curve) as well as
the p/E distribution for all tracks passing the basic track quality cuts and with BEMC
association (black curve). Here, the electron candidates mean the tracks passing all
the other electron identification cuts, including the number of SMD hit cut, projection
distance cut and dF/dx cut, except the p/E cut. A cut of 0.3 < p/E < 1.5 can keep

most of the electrons going into the BEMC while rejecting a lot of hadrons.

Number of SMD Hits

Hadronic showers are typically incompletely developed by the ~ 5X, depth of the SMD,
where the electromagnetic showers from electrons and photons have their maximal spa-
tial extent. Therefore, the number of SMD hits produced by hadrons, in general, is
smaller than that produced by electrons. The resulting difference of the number of
SMD hits is used for additional hadron suppression. The upper panel of Fig. 4.8 shows
the number of SMD hits for electron candidates which pass all other electron identifi-
cation cuts except the number of SMD hits cut. The bottom panel of Fig. 4.8 is the
number of SMD hits for TPC preselected hadrons, which have dE/dx 30 away from the
electron dE /dz band and pass the basic track quality cuts. The difference of number of
SMD hits between electrons and hadrons can be clearly seen. We require 1 < Number

of SMD n Hits < 15 and 1 < Number of SMD ¢ Hits < 15 for electron candidates.

Projected Position Match

The BEMC matches the acceptance of the full TPC for tracking. Some TPC tracks
are associated with the BEMC points due to random combinatorics. We compare the
distance between the TPC track projection position and the reconstructed BEMC point

position. Due to the poorly developed showers in the case of hadrons, this distance
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Figure 4.8: The number of SMD hits for electron candidates (upper panel) and hadrons
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Figure 4.9: The distance between the TPC track projection position and the recon-
structed BEMC point position in ¢ direction (upper panel) and Z (n) direction (bottom

panel) for all tracks with BEMC point association.
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will have a much wider distribution for hadrons than for electrons. The high spatial
resolution of the SMD allows us to cut away a lot of the random associations by cutting
on this distance. Fig. 4.9 shows the distributions of the difference between the projected
TPC track position and the BEMC reconstructed shower position in ¢ direction (upper
panel) and Z (n) direction (bottom panel). The distribution of ¢ difference has two
peaks and the distribution of Z (n) difference is offset to a slightly negative value.
These characteristics are due to a slightly inaccurate radius value used in the software
for the inner plane of the BEMC. The lines in Fig. 4.9 denote where we set the cuts.

They are about 30 on each side of the peaks.

4.3.3 All Electron Identification Cuts Combined

Fig. 4.10 shows how the dE/dz distribution changes when the BEMC and SMD electron
identification cuts applied one by one. The BEMC and SMD electron identification cuts
dramatically reduce hadron contamination while not reducing electron sample much.
The electron signal to hadron contamination ratio is enhanced after all the cuts are

combined; and the electron peak and hadron peak are well separated.

The resulting dE/dx distribution is fit with multiple Gaussian functions. Two of
them are used to fit the hadron dF/dx peaks and one of them is used to fit the electron
dE/dx peak. Fig. 4.11 shows the dE/dx distributions of the tracks after the BEMC
and SMD cuts with three Gaussian fits for four pr bins. The lines in Fig. 4.11 denote
a final dE/dz cut applied to the tracks. The value of the final dE/dx cut is chosen by
balancing between statistics and the purity of electron sample. It is approximately from
—0.50 to 30 on the electron dE/dx band. Table 4.1 lists a summary of all the electron
identification cuts.

The purity of the inclusive electron sample is calculated from the fit and cut parame-
ters. It is defined as the number of inclusive electrons passing the electron identifications
cuts divided by the number of all the tracks satisfying the same cuts. Table 4.2 gives
the purity of the final inclusive electron sample. After all the TPC, BEMC and SMD

cuts are combined, the purity of electron sample is above 98% up to pr ~ 6.5 GeV/c.
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Figure 4.10: The dE/dz distributions of the tracks after applications of each BEMC

and SMD electron identification cut.
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Figure 4.11: The dE/dx distributions of the tracks after BEMC and SMD electron
identification cuts for pr between 2.5 GeV/c to 6.5 GeV/c in four bins. Three Gaussian
functions are used to fit the dE'/dx distributions, with two of them for hadron dF/dx

peaks and one of them for the electron dF/dx peak.
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Table 4.1: The summary of electron identification cuts.

Parameter Value Comments

No. of fit points 20, 50) Ensure good track quality

No. of dE/dx points [15, 100) Ensure good track quality

Ratio of No. of fit points | [0.52, 1.2) Eliminate the double counting

to No. of maximum points of split tracks

Chi square 0, 3) Ensure good track quality

Global DCA 0, 1.5) Reduce  photonic  electron
background

Pseudorapidity 7 [-0.7, 0.7) Avoid large conversion back-
ground from the detector ma-
terial

Transverse momentum pr | > 2.0 GeV/c Avoid the overlapping region

in dE/dx between electrons
and deuterons and protons.

Ensure good response from

BEMC for EM showers.

dE/dz (keV/cm)

[3.3839, 4.4556)

About —0.50 to 30

p/E 0.3, 1.5) p/E should be around one for
electrons.

No. of SMD 7 hits 2, 15) Electrons have larger shower
size than hadrons

No. of SMD ¢ hits 2, 15) Electrons have larger shower

size than hadrons

Projection distance in ¢ (x

SMD ¢ radius) (cm)

[-1.8325, 2.0699)

About —30 to 30

Projection distance in 7

(cm)

[-2.3640, 1.3092)

About —30 to 30
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Table 4.2: The purity of the inclusive electron sample.

Electron pr (GeV/c) Purity
2.5-3.5 99.84 + 0.28%
3.5-4.5 98.94 + 0.72%
4.5-5.5 98.05 + 1.56%
5.5 -6.5 98.39 + 2.29%

4.4 Photonic Electron Background Reconstruction

In the STAR environment, the inclusive electron sample consists of several sources of

electrons:

e Photon conversions (7 — e + ¢7) in the detector material between the inter-
action point and the TPC. There are several sources for the conversion photons:

direct photons, photons from 7, n decays, etc.

o 70 1, etc. scalar meson Dalitz decays.
0 — et + e+ (1.198 4+ 0.032)%

n— e +e +v(0.60+£0.08)%
e p, w, ¢ vector meson Dalitz decays and/or di-electron decays.
e Kaon decays
e Heavy quark (charm and bottom) hadron semi-leptonic decays.

e Other possible contributions such as Dell-Yan, heavy quarkonium decay, thermal

electrons, etc.

In this analysis, semi-leptonic decay of heavy flavor hadrons is the source of the elec-

tron signal — non-photonic electrons. Other possible sources such as Dell-Yan, heavy
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quarkonium decay, thermal electrons, etc are believed to have negligible contributions
as shown in the theoretical predictions [Sjo01, Rap01]. The first four sources are consid-
ered to be photonic background. As studied in the Ref. [Adc02, Don05|, the dominant
sources of photonic electron background are photon conversions, 7° and 7 Dalitz de-
cays. Contributions from all other sources of photonic background combined are only a
few percent of the total background and can be ignored when compared to systematic

uncertainties. Here, we reconstruct the dominant sources of photonic background.

The invariant mass of electron-positron pairs from photon conversions or Dalitz
decays will be very small, while there is no such correlation for non-photonic electrons.
Thus the photonic background can be reconstructed by pairing electrons/positrons with

their partners and calculating their invariant mass.

As a first step in this procedure, we use electron identification criteria to tag one
electron/positron track from the primary collision vertex, and find the corresponding
global track of the primary electron/positron track?. As a second step we loop all
other global tracks in the same event in order to find the partner track of the tagged
electron/positron. Those tracks which have pr > 0.1 GeV /c within the TPC acceptance
and pass a loose cut on dE/dx around the electron band are considered as the partner
tracks. The dE/dz cut for the partner tracks is from —30 to 30. The reason we use
loose cuts for the partner track is to maximize the partner finding efficiency. Then
as a third step we calculate the Distance of Closest Approach (DCA) of the global
electron/positron track and its partner track. Then we trace the momenta of these two
global tracks back to the point where the DCA of the pair is located, and we calculate
invariant mass of the pair using the momenta at the DCA of the pair. Before we pair
electrons/positrons with their partners, we apply some geometric cuts on the pairs such
as DCA, opening angle, etc. Fig. 4.12 shows the distributions of DCA and angles of

opposite sign and same sign electron pairs. The cuts we used are listed in Table. 4.3.

The invariant mass distribution of e*e™ pairs are depicted by the grey filled area in

Fig 4.13. This sample contains the true photonic background as well as the combina-

2Every primary track has a corresponding global track but not vice versa.
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Figure 4.12: The distributions of DCA and angles of opposite sign and same sign electron

pairs.
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Figure 4.13: Invariant mass distributions of opposite sign electron pairs and combina-

torial background (same sign electron pairs) for HighTower-1 triggered data in upper

panel and HighTower-2 triggered data in bottom panel.
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Table 4.3: Geometric cuts of the pairs for the invariant mass method.

Variable Cut

Track to Track DCA (cm) (0, 1)

Opening Angle (radian) (0, 0.15)

Opening Angle in ¢ (radian) | (0, 0.1)

Opening Angle in 6 (radian) | (0, 0.05)

torial background, where non-photonic electrons may be falsely identified as photonic
electrons. The combinatorial background can be estimated by calculating the invariant
mass of same-sign electron pairs shown as blue solid curve in Fig 4.13. The combi-
natorial background is small in p+p collisions. The red solid curve in Fig 4.13 is the
subtraction. From the red curve an apparent sharp peak near zero can be seen in the
invariant mass distribution. A cut of mass < 0.1 GeV/c? removes most of photonic back-
ground. The secondary broad peak on the right side in the invariant mass distribution
is caused by the limited TPC tracking resolution [Don06]. For convenience, we refer to
those electrons having opposite sign partners and their invariant masses satisfying the
mass cut as the OppSign sample which contains the true reconstructed photonic back-
ground and random combinatorics, and those electrons having same sign partners and
their invariant masses satisfying the mass cut as the SameSign sample which is a close
approximation of random combinatorics. Then the reconstructed photonic background

(Reco-Pho) can be obtained by Eq. 4.1.
Reco-Pho = OppSign — SameSign (4.1)
The true photonic electrons (Pho) can be estimated by Eq. 4.2,

Pho = Reco-Pho + Not-Reco-Pho

_ Reco-Pho _ OppSign — SameSign (4.2)
£ 5 '
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where ¢ is the efficiency of this invariant mass method which can be calculated from
simulations. The previous analysis has shown that the photonic electron reconstruction
efficiency, e, is around 70% in p+p collisions for the py region that we are study-
ing [Abe06b]. We will use this value for our analysis. The uncertainties of photonic
electron reconstruction efficiency will be the dominant source for the systematic error

of our final results.

Fig. 4.14 shows the ratio of inclusive electron to photonic background as a function
of pr. The bars (boxes) on the data points indicate the size of statistical (systematic)
errors. A significant excess of electrons with respect to the background has been ob-
served; and these excess electrons are mostly from heavy quark semi-leptonic decays. In
Run-5 there was an increase in the amount of material producing photon conversions in
the STAR experimental configuration than for Run-3 and Run-4. This leads to inclusive
electron to photonic background ratios from Run-5 systematically lower than those from

Run-3 and Run-4 [Abe06b].

4.5 Method for Extraction of e-h Azimuthal Correlation Signal

The physics signal in this analysis is the non-photonic electron (Non-Pho) azimuthal
correlations with charged hadrons. The background is the photonic electron azimuthal
correlations with charged hadrons. In order to extract the e-h azimuthal correlation sig-
nal, we start with the semi-inclusive electron sample (Semi-Inc). The inclusive electron
sample (Inc) includes all tracks that pass our electron identification cuts. We remove
the OppSign sample from the inclusive electron sample. The remaining electrons form

the semi-inclusive electron sample. Eq. 4.3 shows the relationship of these samples.

Semi-Inc = Inc — OppSign
= Inc — (Reco-Pho + SameSign)
= Inc — (Pho — Not-Reco-Pho + SameSign)

= Non-Pho + Not-Reco-Pho — SameSign (4.3)
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Figure 4.14: The ratio of inclusive electron to photonic background as a function of pr
in Run-5 p+p collisions for HighTower-1 triggered data in upper panel and HighTower-2

triggered data in bottom panel.
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where we have used equation 4.1. Therefore the e-h azimuthal correlation signal can be

obtained by Eq. 4.4.

A<;DNon—Pho - ASOS(imi—Inc - AQDNot-Reco—Pho + ASDkS'(zrrLeSign (44)

A Not-Reco-Pho Canl be calculated using A@geco-pro by an efficiency correction after re-
moving the photonic partner of the reconstructed-photonic electron. The photonic back-
ground has two parts: reconstructed-photonic electrons and not-reconstructed-photonic
electrons. In non-photonic electron yield or vy analyses, the not-reconstructed-photonic
part can just be calculated by reconstructed-photonic part after an efficiency correction

as shown in Eq. 4.5.

1
Not-Reco-Pho = (g — 1) x Reco-Pho (4.5)

where ¢ is the photonic electron reconstruction efficiency. However, the situation is dif-
ferent in e-h correlation analysis. For the reconstructed-photonic electron the photonic
partner is found while for not-reconstructed-photonic electron the partner is missing.
The resulting e-h correlations for reconstructed photonic electrons and not reconstructed
photonic electrons are different and cannot be related to each other by multiplicative
an efficiency correction factor alone. If we use the reconstructed-photonic azimuthal
angular correlation to calculate the not-reconstructed-photonic azimuthal angular corre-
lation, we have to remove the conversion partner of the reconstructed-photonic electron.
Therefore A@noi-Reco-Pro Can be obtained by Eq. 4.6, where ¢ is the photonic electron
reconstruction efficiency and A@geco- Pho-No-Partner 1S the reconstructed photonic elec-
tron azimuthal correlation with charged hadrons after removing the conversion partner,
APoppSign-No-Partner 18 OppSign electron azimuthal correlation with charged hadrons
after removing the conversion partner and A@gemeSign-No-Partner 15 SameSign electron

azimuthal correlation with charged hadrons after removing the conversion partner.

AQ)ONot—Reco—Pho - (g - 1) X A(pReco—Pho—No—Partner

- (g - 1) X (AQOOppSign—No—Partner - A@SameSign—No—Partner) (46)

The final equation used to extract the e-h azimuthal correlation signal is presented

in Eq. 4.7. Each item on the right side of the equation can be directly measured
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experimentally, or in the case of ¢, calculated using simulations.

A(pNOTL‘PhO = AQDSemi—Inc + AQOSa’rneSign

1
_<g - 1) X (A(;OOppSign-No—Partner - ASOSameSign—No—Partner) (47)

Suppose the number of A@gemi-rne counts is N (A@semi-ne), then the error is \/ N(AQsemi-ne)-
The same for the other items. The corresponding error of Eq. 4.7 can be obtained from

Eq. 4.8.

(5N(A¢N0n—Pho))2 = (5N(A¢Semi-lnc))2 + (§N(A¢SameSign))2

1

—|—<g - 1>2 X (5N(A§00pp5'ign—No—PartneT))2
1

+(g - 1>2 X (5N(A(pSameSign—No—Partner))2

= N(A¢Semi—1nc> + N(AQDSameSign)
1
+<g - 1)2 X N(ASOOppSign-No-Partner)

1

+<g - 1>2 X N(AQOSameSign—No—Partner) (48)

The non-photonic electron azimuthal correlations with charged hadrons can also be
calculated by starting with the inclusive electron sample as was done in the determi-
nation of non-photonic electron yields and in vy analyses. The equation is shown in

Eq. 4.9, and the corresponding equation determining the error is shown in Eq. 4.10.

ASDNon-Pho = Agplnc - (ASOReco—Pho + A<)ONot—Reco—Pho)
= A@]nc - (A@OppSign - A@SameSign)

_(g - 1) X (ASOOppSign—No—Partner - A@SameSign—No—PartneT) (49)

(6N<A90Non—Pho>>2 - N(A@Inc) + N(A@OppSign) + N(ASOSameSign)

1
+(g - 1)2 X N(A@OppSign—No-Partner)
1
+(g - 1)2 X N(A@SameSign—No—Partner) (410)

Comparing Eq. 4.8 to Eq. 4.10, we can clearly see the advantage of the method

starting with the semi-inclusive electron sample. The method using the semi-inclusive
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electrons starts with a smaller and purer non-photonic electron sample and can often

lead to smaller overall uncertainties.

Fig. 4.15 shows the distributions of azimuthal correlations for each item on the
right side of Eq. 4.7 used to extract the signal in four electron trigger pr regions with
associated hadron pr > 0.3 GeV /c. The signal of e-h azimuthal correlations, A¢yon-pho,
is shown in Fig. 4.16 for four electron trigger pr cuts with associated hadron pr > 0.3.
The distributions are scaled by the number of non-photonic electron triggers. The error

bars are statistical only.
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CHAPTER 5

Results and Discussion

5.1 Fit Results

Fig. 5.1 shows the A@non-pro distributions in comparison to PYTHIA simulations for
four electron trigger cuts with associated hadron pr(assoc) > 0.3 GeV/c. The data
are shown as dots, while the blue dashed curves and the red dotted curves are from
PYTHIA simulations for B decays and for D decays, respectively. We use PYTHIA

curves to fit the data points with the B contribution as a parameter in the fit function:
A@eay = R x Dpp + (1 — R) x App (5.1)

where R is the B contribution, B/(B + D). The fits are shown as green solid curves in
Fig. 5.1, with the fit range in Ap from —1.5 to +1.5.

Fig. 5.2 shows the B/(B + D) ratio as a function of the fit range in Ag. In Fig. 5.2
factors are used to scale the B/(B + D) ratios of each trigger pr region so that the
data points can be separated well. The fit results are consistent within statistical errors
when we vary the fit range in Ap from +1 to 7. The difference of the B/(B + D)
ratio introduced by the variation of the fit range will be one source for the systematic

uncertainties of our final result.

As a cross check, we fixed the B/(B+ D) ratio to see how the fit x* changes. Fig. 5.3
shows the fit x? as a function of the B/(B + D) ratio with the fit range in Ay from
—1.5 to +1.5. As presented in Fig. 5.3, the x? is sensitive to the B/(B + D) ratio; and

a similar sensitivity is seen for other fit ranges.

As a check on systematics, we allowed an overall normalization factor in the fit
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Figure 5.1: The comparisons of Ay yon-pro distributions to PYTHIA simulations for four
electron trigger pr regions with associated hadron py > 0.3 GeV/c. The simulations are
depicted by blue dashed lines from B meson decays and red dotted lines for D meson

decays. The green solid curves are the fits to data points using PYTHIA curves.
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Figure 5.2: The B/(B + D) ratio as a function of the fit range in Ap. Scaling factors

are used in order to separate the data points cleanly.

function to float, i.e.,
Apesp = AX [R X App+ (1 — R) x Agp| (5.2)

where R is the B contribution, B/(B + D), and A is the overall normalization factor.
The overall normalization factor A reflects the uncertainties in the normalization which
possibly arises from the counting of the number of non-photonic triggers and tracking
efficiency for the associated tracks. The fit result gives a normalization factor close to
unity; and the B/(B + D) ratios obtained from the fit functions given by equations 5.1

and 5.2 are consistent. We also added an adjustable constant to the fit function, i.e.,
A@exp =R % ASDB + (1 - R) X ASOD +C (53>

where R is the B contribution, B/(B + D), and C' is the added constant. The added

constant C' freely adjusts the overall background level and it contains soft particle pro-
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duction. The fit result gives a value for the constant C' close to zero, and the B/(B+ D)

ratios obtained from the fit functions given by equations 5.1, 5.2 and 5.3 are consistent.

These systematic checks show that our approach is not susceptible to large variations
beyond our estimate for systematic uncertainties. The PYTHIA Monte Carlo events
can reasonably describe the underlying p+p collisions at RHIC. The difference for the B
contribution introduced by using different fit functions will be included in the systematic

uncertainties of our final result.

5.2 B Semi-Leptonic Decay Contribution to Non-Photonic Elec-

trons
1__ m Datapointswith fit range: -1.5t0 1.5
i Data uncertainty band
0.8

— i

D =

+ 0.6f

S [

= I
0.4F — e —— |
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Figure 5.4: The relative B meson semi-leptonic decay contribution to non-photonic

electrons as a function of electron pr.
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Our result for the B meson semi-leptonic decay contribution to the yield of non-
photonic electrons is shown in Fig. 5.4 as a function of electron py. The bars show
the size of statistical errors. The grey band indicates the data uncertainties including
statistical errors and systematic uncertainties. The sources for systematic uncertainties

are listed in the following:

e The uncertainty of the photonic electron reconstruction efficiency, which is the

dominant source.
e The difference introduced by the different fit functions.

e The difference introduced by the different fit ranges.

A finite B contribution to the yield of non-photonic electrons in the pr region of
2.5—6.5 GeV /c has been measured. Within the current statistical and systematic errors,
our measured B/(B + D) ratio indicates that at pr ~ 4.0 — 6.0 GeV/c the measured B

contribution to non-photonic electrons is comparable to the D contribution.

5.3 Comparison with FONLL pQCD Calculation

Fig. 5.5 shows the comparison of the measured B/(B + D) ratios to the FONLL pQCD
calculations [CNVO05]. The blue solid curves show the range of relative bottom contri-
bution from the FONLL calculations, with the variation due to NLO uncertainties of
quark mass, factorization scale pug, renormalization scale ug, parton density function
(PDF) and fragmentation functions (FF), etc. The dashed line is the B/(B + D) ratio
in FONLL used for the default non-photonic electron R 4 calculation. The FONLL
theoretical calculations are consistent with our measured B/(B + D) ratios within un-

certainties.
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Figure 5.5: The measured B/(B + D) ratios in comparison with the FONLL pQCD

calculations.

5.4 Discussion

5.4.1 Bottom Suppression

Fig. 5.6 shows the partonic level jet quenching of heavy quark and the corresponding
heavy quark decayed non-photonic electron quenching from the DGLV theory of radia-
tive energy loss [DGV06]. Due to the color Casimir factor, and small in-medium mass,
gluon quenching is the largest effect. The dead cone effect [DK01]| can be seen between
charm quark and light quark quenching at pr < 10 GeV/c. Above 10 GeV/c, the mass
difference between charm quark and light quarks will be almost negligible since py > 10

GeV/c >> m,. Because of the large mass of bottom quark, even for p7 up to 20 GeV/c,
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Figure 5.6: Left: The partonic level jet quenching of charm quark and bottom quark
in comparison with light quark (u, d) and gluon quenching from the DGLV theory of
radiative energy loss. Right: The corresponding R4 for the non-photonic electrons

from heavy quarks. Figures taken from [DGV06].

pr/my is not large; the bottom quark is significantly less quenched than the charm quark
and light quarks for pr < 20 GeV/c. This reduced bottom quenching strongly limits
the corresponding quenching for bottom decay electrons as shown in the right panel of

Fig. 5.6.

We have provided the first measurement for the contribution from B semi-leptonic
decays to non-photonic electron yields in p+p collisions at RHIC. Together with the
observation in Au+Au collisions at high pr of a large suppression of non-photonic elec-
trons and a tendency for the non-photonic vs to decrease as pr increases, our measured
B/(B + D) ratios imply that the bottom quark may be suppressed in central Au+Au
collisions at RHIC, which is in contrast to the prediction from the DGLV theory of

radiative energy loss.

A recent theoretical calculation, taking into account the short formation times of D

and B mesons, found that the suppression of non-photonic electrons from heavy mesons,
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including B mesons, is compatible with the measured large quenching for heavy flavor.
This calculation predicts that the suppression of B mesons is comparable to that of D

mesons at transverse momentum as low as pr ~ 10 GeV/c [AV06].

5.4.2 Low Material RUN at STAR

In the heavy ion collision environment, a large number of 7 will be created, leading to a
large amount of decay photons. Those photons will convert into electron-positron pairs
when interacting with materials. In the STAR detector system, there is considerable
material surrounding the collision region, including beam pipe, SVT, Silicon Strip De-
tetor (SSD), Inner Field Cage (IFC), and the TPC gas. The large photonic background
is the most important source that contributes to the large uncertainties in STAR non-
photonic electron measurements. Studies have shown that if the SVT is removed, the
probability for photon conversion will decrease by a factor of 4 [Don06]. STAR is going
to have a low material run within the next year or so; that is, a run where the present
STAR inner tracking detectors (SVT and SSD) are removed. This will significantly

improve the signal to background ratio.

5.4.3 Vertex Detector Upgrade at STAR

The STAR experiment has been developing a vertex detector upgrade — the Heavy Fla-
vor Tracker (HFT) [Xu06]. The HFT will replace the existing STAR SVT and sit inside
the the STAR Time Projection Chamber. It will cover £1.0 units in pseudorapidity and
20 cm in length for collisions at the center of the colliding region. The HFT will use
active pixel sensor technology for the detector elements and have two tracking layers
at radii 1.5 cm and 5.0 cm, covering the full azimuth. The high precision (< 10um
vertex resolution) measurements of the vertex position will allow us to reconstruct open
charm and bottom hadrons directly and cleanly. With the help of the HEF'T the precise
measurements of total cross section of heavy flavor production, heavy flavor energy loss,
heavy flavor azimuthal anisotropy and the correlation measurements for heavy flavored

mesons, etc will be feasible. The open questions in current heavy flavor measurements
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at RHIC will then be resolved without ambiguity.

The STAR HFT upgrade is expected to be ready to take data in year 2010. The
completion of the program will yield more beautiful data at RHIC which will provide

an insightful probe of the QGP properties and shed more light on the QCD production
of heavy quarks at RHIC.
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APPENDIX A

Kinematic Variables

In relativistic heavy ion collisions, it is convenient to use kinematic variables that are

Lorentz invariant or transform trivially under Lorentz boost.

The transverse momentum py is defined by using the momentum transverse compo-

pr =\/p; + p}. (A1)

pr is a Lorentz invariant variable under a Lorentz boost along the z axis, i.e., the

nents p, and p,

direction of the beam.

The transverse mass for a particle with mass my is defined by

mr = \/pQT + m% (AQ)

The transverse kinetic energy of a particle is given by my — my.

The rapidity (y) of a particle, a dimensionless quantity, is defined by

1 E+p,
y = 2ln (E—pz>’ (A.3)

where E = /p? + m3 is the total energy of the particle. The rapidity of a particle is

Lorentz boost invariant. It is additive by a constant under Lorentz transformations.
In high energy experiment, it is common to have |p] ~ E. Then
1 E+p, 1 ; 1 0
y=—1In 2P —In ol + p. =In \/ﬂ = —Inftan(6/2)] = n,
2 E—p, 2 1Pl — p. 1 —cosf
(A.4)

where 6 is the angle between the particle momentum and the beam axis, and 7 is called

pseudorapidity. The pseudorapidity (n) of a particle is used to characterize the emission
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of the particle with respect to the beam direction. Note that the pseudorapidity, unlike

the rapidity, can be calculated without knowing the mass of the particle .
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